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Abstract. Positivity bounds — constraints on any low-energy effective field theory imposed
by the fundamental axioms of unitarity, causality and locality in the UV — have recently
been used to constrain various effective field theories relevant for cosmology. However, to
date most of these bounds have assumed that there is a single Lorentz-invariant vacuum in
which all fields have zero expectation value and in many cosmologically relevant models this is
not the case. We explore ways to overcome this limitation by investigating a simple example
model, the covariant Galileon, which possesses a one-parameter family of Lorentz-invariant
vacua as well as multiple boost-breaking vacua. Each of these vacua has a corresponding set
of positivity bounds, and we show how a particular (beyond-the-forward-limit) bound can
be used to map out the parameter space according to which vacua may persist in the UV
theory, finding that in general there are regions in which none, one or many of the effective
field theory vacua can be consistent with unitarity, causality and locality in the UV. Finally,
we discuss the interplay between this map and cosmological observations. We find that
the observationally favoured region of parameter space is incompatible with a large class of
vacua, and conversely that particular boost-breaking vacua would imply positivity bounds
that rule out otherwise observationally favoured cosmologies. We also identify a specific
boost-breaking vacuum which is “closest” to the cosmological background, and show that
the particular positivity bound we consider reduces the otherwise cosmologically favoured
region of Galileon parameter space by up to 70%, ruling out the vast majority of cosmologies
with a positive coefficient for the cubic Galileon in the process.
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1 Introduction

General Relativity (GR) is a cornerstone of 20*" century physics, having proven remarkably
successful over a wide range of scales. However, since it is ultimately an effective field theory
(EFT)—breaking down at the Planck scale if not before — and can encounter difficulties
when accounting for the observed late-time acceleration [1, 2] — the well-known cosmolog-
ical constant problem [3] — we know that it cannot be the fundamental description of our
Universe. This need to explore possible deviations from GR has led to a plethora of different
models which introduce additional dark sector fields.

The simplest addition beyond the tensor degrees of freedom of GR is a single scalar
degree of freedom, ¢, which can play the role of dark energy in the late Universe (see [4-9] for
reviews). The next generation of experiments will improve the precision of our cosmological
observations and provide increasingly tight constraints on the parameters in these models.
But without further theoretical guidance, it is not clear which models are the best motivated
or should guide future survey strategies, or how our observations of these EFT parameters
should shape future UV model-building.

“Positivity bounds” can provide this much-needed sign-posting, mapping out the land-
scape of consistent low-energy EFTs. These are constraints which must be satisfied by the
EFT scattering amplitudes as a consequence of unitarity, causality and locality — the foun-



dational axioms of quantum field theory — in the UV [10-12].! By using these bounds, we
can carve the EFT parameter space into regions which could admit a standard Wilsonian UV
completion, and regions which could never be embedded in a high-energy theory (in a way
consistent with these standard axioms). This positivity technology has recently been applied
to a number of different low-energy EFTs, ranging from particle physics [33-48] to cosmol-
ogy [49-62]. However, these previous applications have focussed on scattering fluctuations
around a trivial vacuum configuration, such as ¢ = 0.

In this work, we develop a new application of EFT positivity bounds. Rather than
focus on the scaterring processes around the trivial (background) solution, ¢ = 0, which most
related work has focused on in the past, we also consider 2 — 2 scattering processes around
other stable vacua of the EF'T — this generates a family of different positivity bounds, which
can be used to diagnose which vacua may persist in the UV completion. This is especially
relevant in the dark energy context, where large classes of observationally relevant scalar-
tensor theories do not permit a stable ¢ = 0 solution — see [63-65] and references therein.
In this paper, to illustrate the key concepts as simply as possible, we focus on the covariant
Galileon theory [66],

5
slo) = [ d'av=g {chim} , (1)
1=1

which is characterised by five constant (dimensionless) Wilson coefficients, ¢;. The five terms
in the Lagrangian are given by

1
L= —§A§¢>, Lo=X, L3 =2X[P],

Li= MflR - )A(gm 2X ([0]? - [97]) ,
Ly = Z)).GW@“” - g (191 + 207 - s[a]e?) (1.2)

where [®"] are traces of the matrix &) = V. VY¢/A3, X = _%nguwm, G is the
Einstein tensor, and Ajs is the strong coupling scale of this EFT. Note that the Galileon
invariance of the pure scalar interactions in this theory is broken by gravitational corrections,
but since graviton exchange is suppressed by at least one factor of Mp; the above remains
radiatively stable — see [67-72] and also [73-79] for recent extensions of these arguments (also
in other cosmologically relevant scalar-tensor theories). We emphasise that this example is
not chosen to champion this specific theory as a frontrunner for e.g. dark energy, but rather
since (as we will see) it neatly illustrates a number of key conceptual points related to
positivity bounds in theories where multiple vacua exist and also allows us to explore the
interface of such bounds with observational constraints in detail.

In particular, for any specific choice of the ¢, this theory has up to four stable Lorentz-
invariant solutions of the form ¢ o x,2*, plus various additional solutions which break
Lorentz boosts. By applying positivity bounds around each of the stable vacua of this theory,

'In this work we focus on linear positivity bounds for a single scalar field. There has been much progress
recently developing similar (and in some cases stronger) bounds for spinning particles [13-16], non-linear
bounds from moment theorems [17-19] and exploiting full crossing symmetry [20-24], generalised bounds for
EFTs with multiple fields [25, 26], and bounds including the effects of gravity [27-32].



we find that usually only a subset are consistent with unitarity, causality (analyticity?) and
locality in the UV. This illustrates the importance of the IR vacuum structure when it comes
to searching for possible UV completions, and provides a more sophisticated “positivity-map”
of parameter space in which different regions correspond to the UV containing different stable
vacua. For instance, we show that while the quartic Galileon cannot be generated with ¢4 > 0
if the UV theory contains the trivial ¢ = 0 vacuum, it can be generated with a positive sign
if the kinetic term has ¢s < 0 and only the non-trivial vacuum is stable. That a non-trivial
vacuum structure may allow for an apparent violation of the ¢ = 0 positivity bounds was
also recently observed in [80, 81] for P(X) theories.

These considerations are particularly important once we pair the theoretical positivity
considerations above with constraints from cosmological observations. Indeed, for Galileon
dark energy cosmological observations require that co < 0 [63] and so the trivial ¢ = 0 solu-
tion is always unstable in realistic such models. This conclusion remains true in a much wider
class of scalar-tensor theories [65], so the Galileon cosmologies we consider here are repre-
sentative in this sense. It is therefore not possible to apply conventional positivity bounds
about the trivial vacuum for these theories, and instead we must only consider bounds from
the stable non-trivial vacua. These bounds can then be incorporated into a cosmological
constraints analyses as theoretical priors along the lines explored in [82, 83]. Observational
constraints for cosmological Galileons have been well explored [63, 84-91], so in addition
to its interesting vacuum structure this further motivates choosing the Galileon as an ini-
tial example to investigate the interplay between novel positivity bounds and observational
constraints. Here we therefore explore for the first time how demanding the existence of
different vacua places different positivity priors on cosmological parameter spaces. For in-
stance, we identify an incompatibility between certain vacua in the EFT and large values
of the so-called “tracking parameter” &, that parametrises the background evolution of the
dark energy Galileon. We also identify a particular boost-breaking vacuum which is (at least
instantaneously) very close to the cosmological evolution, such that a violation of the corre-
sponding positivity bounds would be difficult to reconcile with a standard UV completion.
Positivity bounds computed around this vacuum are therefore particularly well-motivated
theoretical priors in a cosmological setting and we show that this prior is indeed powerful,
e.g. ruling out the vast majority of otherwise observationally viable cosmologies with ¢3 > 0.

In section 2.1, we describe various vacua (background solutions) of the covariant
Galileon (1.1) and the conditions under which they are stable. Then in section 2.2 we con-
sider 2 — 2 scattering of fluctuations about each of these vacua and derive the corresponding
positivity bounds. In section 3.1 we discuss the constraints on (1.1) from cosmological ob-
servations, and finally in section 3.2 we compare each of the different positivity bounds with
observations and discuss their use as theoretical priors. We conclude with some discussion
in section 4. Further technical details, especially on the (derivation of the) positivity bounds
employed in the main text, can be found in the appendices.

2When considering vacua which spontaneously break Lorentz symmetry, the low-energy positivity
bounds that we consider correspond to an analyticity in UV which can be stronger than that implied by
causality [104, 105].



2 A study of IR vacua: from Galileon to Galileid

2.1 Vacua, fluctuations and stability

In this subsection, we describe various background solutions for the scalar field ¢ in the
covariant Galileon theory (1.1). We begin by considering a non-dynamical flat spacetime
background, g,, = 71 (and hence set R = 0 = Gy, in (1.2), which reduce to the usual
Galileon interactions). The coupling to gravity will be re-introduced when we discuss cosmo-
logical backgrounds in section 3.2, but note that since they play no role in this section the
corresponding results apply to any covariantisation of the Galileon interactions.

Background. We investigate a family of background solutions which are specified by two
constant parameters: « and 3. Specifically, we expand the scalar ¢ = ¢ + ¢ about a
background configuration ¢ given by,

3
6= % (—at?+ BlxP?) . (2.1)

Since the action (1.1) is invariant under a shift and (on a fixed flat spacetime) a Galileon
symmetry, ¢ — ¢ + ¢ + c,x#, the background (2.1) depends on the lowest power of the
co-ordinates which cannot be removed using this symmetry. Three subcases are of particular
interest for us:

e a = [ =0. This case corresponds to the usual trivial vacuum ¢ = 0.

e a = . This case encapsulates the trivial vacuum above, but also includes non-trivial,
but still Lorentz invariant, vacua of the form ¢ oc z,x#. We therefore have a one-
parameter family of Lorentz invariant background solutions.

e a # . This two-parameter background solution breaks boosts, but a combination
of the Galileon symmetry and spacetime translations survives® and so the effective
interactions for ¢ conserve both energy and momentum. This produces the so-called
type-1I galileid studied in [92].*

The solution (2.1) encapsulates all of the above subcases and we will refer both to this general
solution as well as to the three subcases above throughout this paper. Expanding ¢ about ¢
in S[¢] leads to an effective action for the ¢ fluctuations, and in the remainder of this section
we describe this action for each of the above backgrounds.

Fluctuations about trivial background. For the trivial background ¢ = 0, ¢ is governed
by the same covariant Galileon action S[p] given in (1.1). In order for this to be a stable
background, the tadpole term must vanish, ¢; = 0, and the kinetic term must have the sign
ca > 0. To canonically normalise the fluctuations, we should rescale ¢ — ¢/,/c2 (i.e. the

effective strength of the cubic Galileon interaction is czcy 3/ 2, as measured by any observable
such as a scattering amplitude).

3Note that while the stress-energy tensor Ty z2 is not translationally invariant, we are working in the
limit where gravity has decoupled and so the spacetime background remains approximately Minkowski.
“The type-I galileid corresponds to a = 0.



Fluctuations about other Lorentz-invariant backgrounds. If we instead consider
the general Lorentz-invariant background, ¢r; = BA%SL‘“QS‘” /2, then the ¢ fluctuations will be
described by an effective action of the same Galileon form, but with redressed coefficients,

¢1 = c1 — 8Bcy — 485%c5 — 9633cs + 168%¢cs
Co = co+ 128c3 + 36ﬁ264 — 85365
¢3 = c3+ 6Bcs — 28%¢5 (2.2)

Cq = C4 — 5505

C5 =Cs,

since schematically each ¢,0%" 2¢" interaction in (1.1) produces > i=0 BI9%2p) once
expanded about this background. This background is stable whenever ¢; = 0 and ¢3 > 0.
Note that in any particular covariant Galileon theory (i.e. a particular choice of the ¢,
n (1.1)), there are up to four real background solutions for 5. Canonically normalising the
fluctuations corresponds to rescaling ¢ — ¢/+/Ca (so overall the effective strength of the

cubic Galileon interaction is now czcy 3/ 2, and has a non-polynomial dependence on f3).

Fluctuations about Lorentz-breaking backgrounds. Finally we turn to the general
case of (2.1) with o # 8. This can be written as ¢ = ¢r1 + (8 — a)A3t?/2, and we see that
the difference § — a controls the breaking of boost invariance. The classical stability of (2.1)
is determined by the linear and quadratic terms,

§S[¢p] = / dtd’x <1J¢)

529 / dtd*x 222 (&>~ 20:0)?) . (2.3)

where the tadpole and kinetic-term normalisation are shifted relative to (2.2) by the boost-
breaking part of ¢,

J=c1+26B—-a), Z%/E=c, 1-c¢=(F-a)—. (2.4)

and now the sound speed ¢, of these fluctuations is generally different from 1 (the invariant
speed preserved by Lorentz boosts). In order for this to be a stable background, we require
that the tadpole vanishes, J = 0 and that there are no ghosts or gradient instabilities, Z2 > 0
and ¢ > 0. To canonically normalise the fluctuations, we should rescale ¢ — @ = Zy, so
that the propagation of ¢ fluctuations is determined by the simple effective metric gi¥ =
diag (—1,¢2,c2,c?), i.e. 62S[p] = [ dtd*x\/—G (—%g“”@uaﬁ&,@).

In addition to the non-trivial sound speed, the breaking of boosts also allows for new
interactions. The cubic and quartic action for the fluctuations can be written as,

53S[p /dtdsxr ( 3(0¢)? Jggbz) ikg (2.5)
51S[p /dtdgxr ( e4(0p)? CZ4¢2) Cp)” X;éé(p)z (2.6)
3



where /—§ = 1/c? and these derivatives are contracted using the effective metric,” O* =
g*0, (e.g. O = g"0,0,). The interaction coefficients are given by,%

_ 1 _ _ - — o |4E3 _
—gé3 = —[c3 —3ca(B— )], \/—9d3:25 1 [_3 —364]
Cys Cs €2
_ I 2 _ - — « [4cse 2_
/—(Cq = 0—6 C4—{—§C5(ﬁ—a) , V—3gdy :3606 |: 6324 —|—3C5] (27)

and clearly reduce to (2.2) when o — 3, the limit in which ¢5 — 1 and Lorentz symmetry
is restored. Further, the coefficients (2.7) differ from (2.2) by at most one factor of (8 — «),
which reflects the antisymmetric derivative structure of the Galileon interactions (i.e. at most
one leg can be put on the (8 — )t? part of the ¢ background). Crucially, it is the effective
couplings (2.7) that control the strength of ¢ interactions on this é background, and therefore
it is these particular combinations of parameters which will appear in the positivity bounds.

2.2 Positivity bounds

Having described the vacua in this low-energy EFT, we now turn to the question of UV
completion. Positivity bounds provide a way of diagnosing whether a particular EFT can
ever be embedded into a consistent UV complete theory (i.e. one which is unitary, causal and
local) in the usual Wilsonian sense. In this section, we derive a variety of positivity bounds
for the covariant Galileon EFT (1.1), and show that they can be used to determine which of
the EFT vacua (i.e. which values of @ and ) can remain viable backgrounds in the full UV
theory.

Positivity about trivial background. First, let us consider the trivial background ¢ = 0
(i.e. B = a =0). The 2 — 2 scattering amplitude for the Galileon interactions about this
background, and the corresponding positivity bounds, can be found in [10, 60]. In this case,
Lorentz invariance is unbroken, and consequently the amplitude is a simple function of two
Mandelstam variables only, A(s,t). At tree-level, this EFT amplitude can be written as an
analytic power series in s and ¢, which in particular contains the terms,

A(5,t) = o558 + Csst8t + ..., (2.8)

for constant coefficients css and cgee. This EFT admits a unitary, causal, local, Lorentz
invariant UV completion only if [10],

css >0, (2.9)

and [12]

Csst > — (210)

3
WCSS )

where A is the cut-off of the EFT. The technical steps leading from unitarity, analyticity and
locality in the UV to these constraints in the EFT are reviewed briefly in appendix B.

°In particular, note that if n* = V*t is the time-like direction, then c¢2n** = §"* + (1 — c2)n*n”, which
allows us to replace any 8¢ with d¢ and .

SFor convenience, in appendix A we provide expressions for the effective coefficients (J, Z2, ¢Z, &y, Jn) in
terms of the original ¢, coefficients appearing in (1.1).



An exact Galileon symmetry requires that css = 0, which violates the first of these
bounds [10]. One possible resolution is to break the Galileon symmetry, e.g. with a small
mass [60] or small (9¢)* interaction [52], but this inevitably leads to an unacceptably low
cut-off.” Another possible resolution is to make weaker assumptions about the nature of the
UV completion — for instance, if the UV amplitude exhibits some mild non-locality, then
the dispersion relation for 924 need not converge and (2.9) need not apply, and yet higher
order positivity bounds may still be used to constrain these couplings [16, 93]. Yet another
possibility is that gravitational effects modify (2.9), particularly in light of recent results
which show that a small negative css may not violate causality if balanced by a gravitational
time delay [27] (see also [94-99]). Since our goal here is to compare positivity bounds around
different vacua, rather than rescue any particular covariant Galileon theory, we will accept
that the leading bound (2.9) appears to be marginally violated for the trivial background
considered here and move on to contemplate the first non-trivial bound (2.10).

The bound on cgs has recently been used to constrain Horndeski scalar-tensor theo-
ries [82, 83|, where it was shown that (2.10) provides a potentially useful theoretical prior
when paired with current observational data. For the covariant Galileon (1.1) (i.e. a partic-
ular choice of the Horndeski functions), this bound is simply [60],

3 —cacy >0, (2.11)

Physically, this positivity condition is telling us that it is not possible to integrate out unitar-
ity, causal, local UV physics to produce an EFT of the form (1.1) with a stable é = 0 back-
ground (¢; = 0 and ¢y > 0) and with cg < c9cq. This has a number of important consequences
— for instance, in the absence of the cubic Galileon, ¢35 = 0, the region ¢4 > 0 is forbidden,
and this is the precisely the region in which Vainshtein screening takes place [80, 100].

In this work, we are exploring for the first time the caveat that the above argument
implicitly assumes ¢ = 0 is a stable background solution about which to compute A(s,t).
For example, if ¢; < 0 then the action (1.1) expanded around ¢ = 0 should not be used to
compute a perturbative scattering process: rather, one must first expand around a solution ¢
which is stable, and consider scattering ¢ fluctuations using the effective action given above
in (2.5) and (2.6). Such cases are not just a calculational curiosity, but highly relevant in
cosmological contexts. As we shall discuss in more detail below, co < 0 is observationally
mandated in the context of the self-accelerating Galileon dark energy theories we are focusing
on here [63] and indeed this conclusion remains true in a much wider classes of observationally
relevant scalar-tensor theories [65]. A stable ¢ = 0 does not exist in these theories and hence
arguments and results based on assuming the existence of such a background solution, e.g.
the positivity requirement (2.11), do not apply in this context.

Positivity about other Lorentz-invariant backgrounds. To make this more concrete,
consider what happens when one of the o = § # 0 vacua is stable. This background
preserves Lorentz invariance and (thanks to the Galileon symmetry) translation invariance,
so the amplitude A 40 (s, ) is once again a function of s and ¢ only. We give this function
explicitly in appendix B. The positivity bound (2.10) applied to this amplitude gives,

¢3 — Gy >0, (2.12)

"In particular, exploiting full crossing symmetry gives a further bound [20], csst < +8055/A2, and so it is
not possible to arrange for a small |css| < A2|csst\7 i.e. the symmetry breaking must be order-one in units of
the cut-off.



where the ¢, coefficients are given in (2.2). Although we have adopted a notation in
which (2.11) and (2.12) are superficially similar, let us stress that the bound (2.12) about
this ¢r; = % BA3 x,x# background is qualitatively different when 8 # 0. For one thing, while
the quintic coefficient c5 of the original Lagrangian (1.1) could never be constrained by tree-
level scattering about ¢ = 0, considering this non-trivial background has introduced a cs
dependence into (2.12)%. A further interesting observation is that when c3 = c5 = 0 and one
considers the quartic Galileon interaction alone, (2.12) becomes —cacy > 0 for any value” of
3. However, now the condition for stability is ca +368%¢c4 > 0, and so unlike the bound (2.11)
around the trivial background we now have the possibility of setting co < 0 and ¢4 > 0. Put
another way, the quartic interaction in (1.1) could be generated with a positive sign by uni-
tary, causal, local UV physics if co < 0 and the stable background is b= %ﬁA% xy ot (with
B% = —ca/(12¢4) from J = 0), but not if c; > 0 and ¢ = 0 is the stable background. This
will have interesting consequences once we consider the interplay with observational bounds
on the ¢; in the next section (particularly in the observation-favoured ca < 0 regime alluded
to above).

Positivity about Lorentz-breaking backgrounds. Finally, we consider backgrounds
of the form (2.1) in which @ # 3. Importantly, here co < 0 is perfectly consistent with
the existence of stable background solutions — this follows directly from (2.4) — so the
observational constraints mandating a negative cy for cosmological solutions mentioned above
do not rule out the existence of stable {«, §} vacua within the same EFT. While this by itself
does not guarantee that cosmological and galileid solutions co-exist within the same EFT,
this removes a major obstacle in linking (positivity) bounds and (observational) constraints
from those two classes of vacua. Indeed, later on we will discuss how precisely one may
map constraints from the galileid vacua considered here to the cosmological ones detailed in
section 3.

For a # (8 backgrounds, the amplitude for scattering ¢ fluctuations is no longer invariant
under boosts. A can therefore depend explicitly on three additional variables, which we
take to be the energies {wi,ws,ws} of the fluctuations (since time translations are unbroken

wyg = —w) — we — ws is fixed by energy conservation). In the forward limit, in which ¢ = 0
and w3 = —wq, the most general boost-breaking amplitude takes the form,
A = o558 + dgpswiwa + dwwwww%wg 4. (2.13)

plus terms that are suppressed either by more powers of the cut-off or by the approximate
shift symmetry of the fields (as we show in appendix C).

The analogue of the positivity bound (2.9) for such an EFT amplitude (2.13) was first
worked out in [104], and amounts to fixing the energies as though in the centre-of-mass frame
(i.e. w1 = we = /5/2), which gives A an effective s? coefficient that should be positive,

1 1
Css + stww + Edwwww >0 , (214)

8The use of non-trivial backgrounds to constrain higher-point interactions has been described previously
in [80], where it was shown that for simple P(X) theories this strategy can reproduce the bounds that would
have been inferred from higher-point scattering amplitudes [101]. This is analogous to the observation that
linearising interactions around several different backgrounds can probe information that only enters non-
linearly around a specific background.

9The fact that 8 drops out of the positivity bound is perhaps related to the special Galileon symmetry
¢ — ¢+ S (:z:uxl, — % Hqﬁa,,(ﬁ) enjoyed by the quartic Galileon, where S*” is a fixed traceless symmetric
tensor [102, 103].




if the UV completion obeys properties analogous to unitarity, causality and locality — namely
it is smoothly connected to the EFT amplitude modulo unitary branch cuts (we briefly review
these technical details in appendix B.1). More recently, it was pointed out in [105] that for
general particle energies (i.e. scattering with a general centre-of-mass momentum p;+py # 0)
the same UV axioms lead to a 1-parameter family of bounds,

2

gl 7t
Css + stww + Edwwww >0 ’ (215)

controlled by the dimensionless ratio 72 = 4wjws/s which may take any value > 1. Setting
7?2 = 1 recovers (2.14). Physically, v is related to (the Lorentz factor of) the centre-of-mass
velocity: we describe this interpretation in more detail in appendix B.3.

For the general galileid background (2.1), we find that css = dgpw = dpwww = 0 in (2.13),
i.e. the Galileon symmetry forbids these terms from appearing in the amplitude. Conse-
quently, (2.15) is always marginally violated, for any value of o and . This answers a
question first posed in [92]: the Galileid suffers from the same IR obstruction to UV comple-
tion as the Galileon, which cannot be healed by considering non-trivial backgrounds (at least
those which preserve time-translation invariance). However, note that this marginal violation
of the leading positivity bound (2.15) is again subject to the same possible loopholes as the
Lorentz-invariant bound (2.9) described above. Ultimately, since our goal is to compare pos-
itivity bounds around different vacua, rather than rescue any particular covariant Galileon
theory from (2.15), we will move on to the first non-trivial bound which arises beyond the
forward limit.

Allowing for a small non-zero t, the most general boost-breaking amplitude compatible

with a Galileon symmetry takes the form'?,

A(s, t, wi = —ws, we) = Cost St + st Stwiws + - . . (2.16)

plus higher order terms, as we show in appendix C. In terms of the Wilson coefficients
appearing in (2.5) and (2.6),

& - 2¢3d.
Cost = 3 <232 - é4> : dgtoos = 4 <d4 . 62323> : (2.17)

Positivity bounds for such an EFT amplitude were recently derived in [105] by assuming an
analytic extension of A into the UV consistent with unitarity and locality, which in this case
would require, !

2
Csst + sttww >0 ) (218)
(see appendix B for a brief review of the technical details). In this work, we focus for the most
part on the consequences of this bound (2.18), which can be applied to a greater range of
vacua than the Lorentz-invariant bound (2.10). The analogue of the positivity bound (2.10)

ONote that we continue to set wy = —ws so that ¢ = 0 corresponds to the forward limit p; = —p3 (and
p2 = —pa)—this ensures the positivity of the UV contribution to the dispersion relation, from which (2.18)
follows (see appendix B.1). For the sake of completeness, the amplitude at general wi # ws is given in (B.4).

"Note that, in the absence of any Galileon symmetry, there can be additional terms appearing in the ampli-
tude (2.16) which affect (2.18)—we give the general bound on any shift-symmetric amplitude in appendix C.



corresponds to setting v = 1 (i.e. scattering with “centre-of-mass” kinematics), and gives the
following constraint on the Wilson coefficients,

1 . .
Pos. bound 1: e — 7% > 3 (2&3(13 — ng4> . (2.19)

Note that when a = 8 and the ¢ background recovers Lorentz-invariance, the coefficients
ds and dy on the right-hand-side vanish and we recover the Lorentz-invariant bound (2.12).
Furthermore, one key conceptual difference to the Lorentz-invariant case is that now the
positivity bound (2.18) depends on the additional parameter, v2. By considering large values
of v (i.e. scattering processes in which there is a non-zero centre-of-mass motion'?), there is
an additional constraint,

Pos. bound 2: 23dy — Z%d, < 0. (2.20)

Taken together, (2.20) and (2.19) imply a weaker bound on & — Z2¢& than the Lorentz
invariant (2.12). In terms of these effective coefficients, allowing for a more general vac-
uum/background for ¢ therefore allows a greater range of Wilson coefficients to be UV com-
pleted.!> When comparing with observational constraints in section 3, we will find that (2.19)
and (2.20) taken together are significantly more constraining than (2.19) alone.

It should be noted that the Lorentz-invariant bound (2.12) and the boost-breaking
bounds (2.19), (2.20) are on a slightly different footing. While both require the UV comple-
tion to be analytic in the complex s-plane, in the case of (2.12) this analyticity is a direct
consequence of causality (i.e. local operators commute outside of the light-cone). For back-
grounds which spontaneously break boosts, the connection between causality and analyticity
is more subtle (in particular the cs-cone of the low-energy fluctuations generally does not
coincide with the UV light-cone), and ultimately the analytic structure of the high-energy
amplitude should be added to the list of assumptions made about the UV completion (in
addition to unitarity and Froissart-boundedness). A violation of (2.12) signals that the UV
completion violates unitarity, locality (Froissart-boundedness) or causality, whereas a vio-
lation of (2.19) or (2.20) signals that the UV completion violates unitarity, locality or our
assumption of analyticity. These assumptions are discussed in more detail in appendix B.1.

Finally, note that (2.20) is not a strict inequality, since a low-energy amplitude may
have dgy, = 0 and still satisfy (2.18). In fact this is precisely what happens for the purely
quartic Galileon (c3 = c5 = 0), whose tree-level amplitude is simply Z2A = cocy(s® + 2 +u?)
on any galileid background. Ordinarily, since both ds and dy change sign when ¢ crosses
1, any region of parameter space which satisfies (2.20) for subluminal backgrounds (i.e. has
dstww > 0 on backgrounds with ¢5 < 1) will necessarily violate it on superluminal backgrounds
(i.e. will have dg,, < 0 on backgrounds with ¢5 > 1), and vice versa. Only in the special case
dstww = 0 can (2.20) be satisfied by both sub- and super-luminal solutions in this covariant
Galileon theory. Put another way, if one starts from a unitary, causal, local, Lorentz invariant
UV completion (with invariant speed ¢ = 1), then the EFT for low-energy fluctuations about
a boost-breaking background will typically only be viable for a particular sign of 1 —c2, unless
there is some cancellation which produces dg, = 0 in the amplitude.™

12\We show in appendix B.2 that v > 1 at small s remains within the validity of the EFT, and further
discuss this interesting limit in appendix B.3.

13While this is certainly intuitive, note that when written in terms of the original ¢, coefficients appearing
in the covariant Lagrangian (1.1), the effective &, are themselves functions of o and 3 (see (2.7)), and so (2.19)
for a boost-breaking background is not necessarily a weaker positivity bound on the ¢, parameter space.

14Note that, throughout this paragraph, we have implicitly kept the ¢; fixed, while exploring different vacua
by changing {«, 8}, subject to the tadpole and stability conditions being satisfied.
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Figure 1. Here we show the space of vacuum solutions, as parametrised by the a and S parameters.
The three panels from left to right correspond to the cubic, quartic and quintic Galileon theories,
respectively, where only the respective ¢; and ¢y are non-zero and the kinetic term has been normalised
by setting ¢co = —1 (in anticipation of the next section and hence ruling out a stable vacuum solution
¢ = 0). For any given choice of (a, 3) we solve the tadpole condition (2.4) to obtain the free c;.
Regions ruled out by ghost and/or gradient instabilities are then shaded black, stable regions that
fail either of the positivity bounds ((2.19) and (2.20)) are hatched grey and regions free of ghost and
gradient instabilities and consistent with the positivity bounds considered here are white.

The space of allowed vacua. Having derived positivity bounds and stability conditions
for the family of Galileon vacuum solutions (2.1) above, we now investigate how restrictive and
informative these criteria are in identifying physically well-motivated vacua. We first focus
on a particular vacuum (with fixed «, #) and use these bounds to constrain the remaining c,,
i.e. ask whether this particular solution could ever arise from any theory of the form (1.1).
In figure 1 we show the results for a cubic, quartic and quintic Galileon (panels from left to
right), respectively. Having normalised the kinetic £, term, these theories each have one free
¢; parameter, which we fix using the tadpole condition (2.4). We then consider the space of
vacuum solutions (2.1) as parametrised by (a, ) and identify, which regions of parameter
space are ruled out by ghost and gradient stability constraints (black regions in figure 1). For
the residual parameter space we then ask, whether the positivity bounds (2.19) and (2.20)
are satisfied — regions failing this test (hatched gray regions) can be as large as 2/3 of
the residual parameter space, so positivity bounds are a powerful tool to identify physically
well-motivated vacua (white regions) in this context.

To develop intuition for the vacuum structure outlined in figure 1, it is useful to discuss
one example in more detail. We pick the cubic Galileon, i.e. the leftmost panel in figure 1,
and normalise the kinetic term by setting co = —1 (in anticipation of the following section).
From (2.4) we obtain the tadpole condition for the relevant cubic Galileon vacua

128 (a+ B) es = a + 30, (2.21)

which we can solve for ¢3. Using this solution, from (2.4) we can then find the following
conditions for the absence of ghost and gradient instabilities, respectively

B(a+B) >0, o? +2aB +36% > 0. (2.22)

Only the no-ghost condition places a non-trivial constraint on the allowed vacua here, no real
{a, B} violate the gradient stability condition. Using (2.21) and imposing the above stability
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conditions, the two positivity bounds (2.19) and (2.20), respectively, then imply
20% + 4af + 382 > 0, (o — B) (a+33) > 0. (2.23)

The first positivity condition is satisfied for all stable vacua, so places no further constraints
here. The second positivity bound, on the other hand, does place a significant constraint.
The boundaries of the ‘positive’ region in the cubic Galileon panel of figure 1 are ultimately
determined by the factor of (aw— () in the second positivity bound and /3 in the no-ghost sta-
bility bound — the boundaries are correspondingly the lines « = 8 and g = 0. When viewed
in this {«, 8} parameter space, positivity bounds therefore eliminate 2/3 of the parameter
space consistent with stability bounds alone for this example.

Instead of scanning vacua in the {«, 3} space and asking whether they could arise
from (a subset of) covariant Galileon theories, we can instead consider a particular covariant
theory (1.1) (with fixed coefficients ¢,,) and use positivity bounds to effectively constrain the
allowed range of 3, i.e. probe which vacua in this particular EFT could be compatible with
a standard UV completion. Focusing on the second positivity bound (2.20), when written in
terms of the original ¢, appearing in the covariant action (1.1), this bound implies that,

86%c3 + 128c3 %ca — s
Bes + 65%cs — 233¢5

for any Galileid vacua in which now « is fixed by the tadpole condition (J = 0) and /3 obeys
the no-ghost stability condition (Z2/¢ > 0, cf. (2.4)),

(1—c%) <0. (2.24)

co + 12Bc3 + 363%c, — 863¢5 > 0 . (2.25)

Note that there is the freedom to redefine ¢ — C'¢ for any real constant C' (which is equiv-
alent to mapping 3 — Cj and ¢, — C"c,) and indeed physical quantities like ¢ and the
bounds (2.24) and (2.25) are not affected by such a rescaling. A crucial observation is that,
for both positivity bounds (including the first bound not explicitly shown in the ¢; basis
above) and once a has been solved for using the tadpole condition, all ¢; always enter in
the combination 8'~2¢;. By construction, the same is true for ghost and gradient stability
bounds, so when written in this basis, the bounds for a theory with n non-zero ¢; only depend
on n independent effective parameters. This is different to the {«, 8} space considered above,
where an additional (dependent) parameter was present.

We now again consider the simplest models in which only a single Galileon interaction
is present. For example, if ¢4 = ¢5 = 0, so only the cubic interaction is present, then all
12Bc3 > —co vacua obey (2.25) and are stable, but only the superluminal ones (1 — ¢2 < 0)
satisfy (2.24). Which vacua are sub/super-luminal depends on the sign of ¢3. When ¢z > 0
the stable superluminal vacua correspond to —co < 128c¢3 < 0, and when ¢y < 0 the sta-
ble superluminal vacua correspond to |ca| < 128cs < 2|c2|. In both cases, the positivity
bound (2.24) has greatly reduced the available parameter space compared to stability con-
siderations alone (from a semi-infinite range to a finite line segment'®). Similarly, for the
simple model in which only the quintic Galileon is present (c3 = ¢4 = 0), all 883¢5 < c2
vacua obey (2.25) and are stable, but again only the superluminal ones satisfy the positivity
condition (2.24). When c3 > 0 the stable superluminal vacua are 0 < 833c5 < ¢z, and when

5For theories in which ¢z = 0, so the kinetic term for fluctuations comes entirely from the cubic Galileon
interaction, ¢ is always subluminal and so the positivity bounds can never be satisfied — in this case the line
segment shrinks to nothing.
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ca < 0 the stable superluminal vacua are —4|ca| < 883c5 < —|ca|. So again positivity has
reduced the available parameter space to a finite window. Finally, we already noted above
that the quartic Galileon is a special case, since the second positivity bound is trivially satu-
rated there (giving 0 > 0). The first positivity bound, on the other hand, is always satisfied
by any solution that respects the no-ghost stability condition, 4%c4 > —c2/36. In this special
case, both sub- and super-luminal solutions are consistent with all bounds.

3 Interplay with cosmological observations

In this section we explore the interplay between positivity bounds and observational con-
straints for Galileon theories of cosmological interest. To that end, we will first discuss the
observational bounds by themselves and then ask how informative the above novel positivity
bounds (computed around a specific family of boost-breaking vacua) can be for cosmologi-
cally relevant dark energy theories (around a different boost breaking vacuum, i.e. the FLRW
solution).

3.1 Observational constraints for the Galileon

Cosmological background solutions. When considering cosmological background solu-
tions for the Covariant Galileon, the existence of a so-called ‘tracker’ is crucial [106]. Here we
briefly summarise its characteristics and consequences as discussed in detail in [63, 90, 106].
The tracker is characterised by the constant £ parameter, where one can define

oH

£ET§

= constant. (3.1)

Throughout this section, Ag = (M pHo)l/ 3 where Hj is the Hubble rate today. The existence
of this solution is tightly linked to the underlying shift symmetry of the theory,'® which
allows re-writing the field equations as a current conservation equation. More specifically,
one finds

V. J'=J"+3HT =0, (3.2)
Jo = o€ — 6362 + 18¢483 + 5eset.

As a consequence of (3.2), J° decays as a=3 and so there exists a ‘tracker’ solution. In [63] it
was shown that reaching this tracker solution while the fractional contribution of dark energy
to the energy density of the Universe, ()pg, is still sub-dominant is required in order to comply
with CMB constraints. In what follows we will therefore assume this tracker has indeed been
reached sufficiently early, effectively setting J° = 0 and using (3.3) as a constraint on the
¢;. Assuming a spatially flat Universe, one can furthermore use the Friedmann equation to
derive

1 15 7
Qd),o = 66262 — 20363 + 36454 + 50555. (34)

Note that we are considering self-accelerating solutions here, where the Galileon scalar ¢
makes up the entirety of dark energy, i.e. Qdpg = €. The 0 index refers to the time %, i.e.

16Note this is simply a consequence of the ¢ — ¢ + ¢ shift symmetry part of the full Galilean symmetry,
i.e. the full Galilean symmetry (weakly broken by the coupling to matter and gravity) is not relevant here.
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to today. The relations (3.3) and (3.4) then have profound consequences for the background
evolution of the Covariant Galileon. In essence, they will tightly constrain one of the free
coefficients of the theory, as we can use (3.3) to solve for £ or one of the free ¢; and then
use (3.4) to place a tight observational constraint on (another) one of the ¢; for a given set
of bounds on €4 . Specifically, we can use that {40 ~ 0.7 [107].

Cosmological backgrounds and (un-)stable vacua. The tracker constraints discussed
above have immediate consequences for vacuum stability, i.e. which solutions satisfy the
ghost and gradient stability conditions derived from (2.4). As foreshadowed in the previous
section, perhaps the most interesting consequence relates to the instability of the trivial
vacuum solution, ¢ = 0. Here it is instructive to start with the same simple examples used
to illustrate the ‘space of vacua’ in the previous section: pure cubic, quartic and quintic
Galileons, each case with only two free parameters: co and the respective ¢;. Using (3.4)
together with 7° = 0 and (3.3), we find

ng(l))m _ —%62, Qg?grtlc _ _%52’ Qgtléntlc _ _%0252. (35)

Since & is a real constant (3.1), obtaining a positive 0y therefore requires a negative cy
for all of these simple examples. When considering the full space of Galileon theories with
arbitrary ¢; combinations, this conclusion no longer follows just from the tracker conditions,
but overall observational constraints still enforce a negative ¢ [63]. Crucially this disconnects
cosmologically relevant Galileons from the trivial ¢ = 0 vacuum. In our present positivity-
related context, this means that bounds computed around a ¢ = 0 background do not apply
to the cosmologically relevant branch of solutions, further motivating our present exploration
of bounds for boost-breaking vacua.

Data sets and priors. We now perform a Markov chain Monte Carlo (MCMC) analysis,
computing cosmological constraints on the Galileon model parameters. The data sets we use
come in two parts: first, CMB temperature and polarisation data from Planck 2018 [108].
More specifically, we use the high-¢ TTTEEE, low-¢ EE, and low-¢ TT likelihoods. Note
that we therefore do not use the pre-marginalised Plik_ lite likelihood, which has mostly been
shown to be accurate for ACDM cosmologies (i.e. not for the Galileon cosmologies considered
here). However, in practice we find that the resulting parameter constraints we will discuss
below are almost unaffected by the choice between the pre-marginalised Plik_lite and ‘full’
Planck likelihoods. We complement the above CMB data by using BAO measurements from
the 6dF Galaxy Survey [109], SDSS DR7 LRG [110] and from BOSS DR9 CMASS [111].
Note that we have not included newer, additional BAO data sets such as from the SDSS
main galaxy sample [112], which are in mild ~ 20 tension with the Galileon cosmologies
discussed here — see [90] for a detailed discussion of this choice of BAO datasets. Modulo
using current Planck data, we are therefore using the same data sets as [90] here. With
this minimal set of cosmological data (we will discuss the impact of including additional
observations/data sets below), we then proceed as follows. We fix ¢; = 0 for simplicity and
normalise co = —1, where we recall a negative ¢y is required by cosmological constraints [63].
We then use (3.3) and (3.4) to solve for {c4, c5}, so that {£, cs} are the residual free Galileon
parameters. As part of the MCMC analysis we now vary these two parameters in addition to
the standard ACDM parameters {Qy, Qeam, Ho, As, Ns, Treio} and Xm,, (the sum of neutrino
masses). Note that we assume a degenerate neutrino mass spectrum, where a (significantly)
non-zero sum of neutrino masses is observationally mandated in Galileon cosmologies [87].
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Figure 2. Here we show cosmological data constraints in the £ — ¢3 parameter space for covariant
Galileons. We fix co = —1 to remain consistent with observational constraints, while ¢4 and c¢5 are
fixed by the current conservation (3.3) and Friedmann equations (3.4). Data contours mark 68% and
95% confidence intervals, computed using CMB+BAO data (see main text for details). The blue dot
and diamond identify the CMB + BAO and CMB + BAO + ISW best-fit cosmologies, respectively
(where the best-fit cosmology including ISW constraints has been lifted from [90]).

No prior boundaries are imposed on any of the varied parameters, except for requiring a non-
negative sum of neutrino masses and Tyejo > 0.004 (corresponding to zyeio =, 6 and motivated
by observations of the Gunn-Peterson trough, see e.g. [113]).

Cosmological parameter constraints. Throughout this paper we will focus on con-
straints in the { c3} plane, marginalising results over {Qy, Qcam, Ho, As, Ns, Treios DMy }-
Working with the full covariant Galileon and solving the current conservation (3.3) and
Friedmann equations (3.4) for ¢4 and c5, we are then left with £ and c3 as the two parameters
controlling dark energy dynamics here (recall that we have fixed ¢; = 0 for simplicity and
normalised ¢a = —1 as required by cosmological constraints [63]). In figure 2 we show the
resulting parameter constraints in the £ — c3 plane, which are in excellent agreement with the
corresponding results found by [90], as expected. As a reference point for later, we are also
marking the best-fit parameter values to the data for the CMB+BAO constraints considered
here (circular dot) as well as for the CMB+BAO+ISW constraints from [90] (diamond).
However, we caution against overinterpreting these best-fit points and emphasise that any
region of parameter space within the ~ 20 contours in figure 2 should be considered as fully
consistent with the observational bounds considered here. Overall CMB+BAO constraints
require 1.5 < ¢ < 3 and —0.2 < ¢3 < 0.3 at the 20 level.!”

'"Note that the Einstein-Boltzmann solver we use, hi_class [114, 115], struggles to solve cosmologies with
les| < 0.005 in the setup discussed here. This is because the scalar equation of motion and the ‘spatial’
Friedman equation are used to solve for ¢ and H in the default code setup, but this solution becomes degenerate
at a point during the cosmological evolution for small values of ¢ (and when solving for c4, cs as discussed
above). However, this is an artefact of the solver and not related to any underlying physical singularity (one
could e.g. use the other Friedman equation to solve for H instead), so we here simply interpolate across the
les| < 0.005 region.
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3.2 Positivity bounds as theoretical priors

After the observational considerations above, we are now in a position to discuss the interplay
between observational bounds on the covariant Galileon as a cosmological candidate theory
for dark energy and the positivity bounds derived in the previous section.

Positivity bounds and the space of vacua. Following the spirit of [82], we would like
to know whether positivity bounds can be folded into a cosmological constraint analysis as
informative theoretical priors. In addition we here specifically explore what this can tell us
about the space of galileid vacua consistent with both observational constraints and positivity
bounds. In order to explore this space of vacuum solutions, we would like to identify galileid
vacua that can be associated to each point in the observationally relevant {&, c3} plane and
we therefore proceed as follows:

1. We fix ¢; = 0 for simplicity and normalise co = —1, where we recall a negative ¢y is
required by cosmological constraints [63]. This leaves us with three free ¢; (cs,ca,cs5)
and two free parameters (« and 8 from (2.1)) tracing over different vacuum solutions.

2. We now choose an array of 3-tuples {£, c3,a/3} as input,'® solving the current conser-
vation (3.3) and Friedmann equations (3.4) for ¢4 and c5, where we impose €0y = 0.69
consistent with current constraints [107].1"

3. Taking those solutions, we now find all values for « consistent with this from (2.4), in
other words we find all the vacua of the form (2.1) consistent with the above solution
and input {&, c3,a/B}. Note that there are up to four real solutions for o and that the
value of a together with the a// input also specifies 5 here, i.e. we have now found all
the vacua consistent with the input.

4. All the above solutions and vacua are now labelled according to whether I) they respect
ghost and gradient stability conditions from (2.4), IT) whether the associated positivity
bounds (2.19) and (2.20) are satisfied.

Following the above algorithm, the corresponding results are shown in figure 3. Here we
combine an analysis of the ‘positivity’ and stability properties of the {&, c3, «/8} parameter
space as outlined above with observational constraints on the covariant galileon as a self-
accelerating dark energy field. We highlight that, in combining positivity and stability bounds
from given {«, 5} vacua with observational constraints for cosmological vacua, we are here
implicitly assuming that these vacua, as identified in the above fashion, co-exist within the
same over-arching EFT and explore what the resulting combined bounds (from both classes
of vacua) would be for the cosmologically relevant parameter space — we will discuss this
assumption in more detail below. For the cases considered here, we find that, when imposing
positivity bounds to require a ‘standard’ UV completion as described in the previous section,
the large-£ part of the observationally acceptable region is in tension with positivity bounds
for vacua with /8 < 0.1. This tension will become especially relevant when we discuss

181t is worth noting, that we could of course have chosen a different set of three input parameters, e.g.
{c3, ¢4, B}. In particular, we here chose £ as one of our ‘native’ parameters, since we are primarily interested
in observationally relevant regions of parameter space for which a real £ solution must exist.

19Note that we have checked that the resulting ‘labels’ in step 4 (and hence the corresponding positivity
priors) only change minimally when altering the fiducial value of €24 within the 20 bound from Planck on Qj,
namely 0.6847 + 0.0146 [107].
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Figure 3. Here we illustrate the interplay between positivity bounds and cosmological stability
constraints on the observationally relevant £ — c3 parameter space for covariant Galileons. Data
contours are as in figure 2 and the different panels correspond to different families of vacuum solutions.
Top row (from left to right): /8 = 10,1,0.1, Bottom row: «/f = —10,—1,—0.1. The middle
panel in the top row therefore shows boost-invariant solutions, while all the other panels display
different cross-sections of boost-breaking solutions. Regions in black are those for which no stable
background solution exists, i.e. the ghost or gradient constraint (2.4) is violated. Dark grey, hatched
regions are those, where one or more stable background /vacuum solutions exist, but they all fail their
respective positivity bounds. Light grey then denotes regions of parameter space, where again stable
vacua exist and some (but not all) of them satisfy positivity bounds. Finally, white regions are those,
where stable vacuum solutions exist and all stable solutions satisfy their respective positivity bounds.

which of these vacua are ‘most relevant’ in a cosmological context below. This shows that
requiring the co-existence of several classes of galileid vacua and cosmological galileon dark
energy solutions can be used to place strong constraints on cosmological parameter spaces.
Alternatively, reversing the direction of the argument, observational constraints can be used
in this way to place strong contraints on the space of physically acceptable vacua.

Identifying cosmologically relevant vacua and positivity bounds. Above we were
considering positivity bounds derived from generic galileid vacua classified by their value
of a/f, investigating the interplay of these bounds with cosmological data constraints for
galileon dark energy. If vacua with a given value of a/f exist within the same EFT as
the cosmological background solution, we can then use the corresponding positivity bounds
as informative theoretical priors for cosmological parameter constraints (if we have good
reason to demand the existence of the relevant galileid vacua) or can use constraints from
cosmological data to identfy which classes of galileid vacua can physically co-exist within
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the same EFT (if we are agnostic about galileid vacua in the first place). However, ideally
we would like to do better and identify galileid vacua that are particularly ‘close’ to the
cosmological solution and hence the ‘correct’ ones to use as theoretical priors for cosmology.
To do so, recall that while a Galilean symmetry transformation ¢ — ¢ + ¢ + c, 2" can be
used to shift ¢ and V¢, the second derivative V V"¢ is Galileon invariant. Comparing this
for the cosmological background (3.1) with that of the vacua in section 2, we see that,

Section 2: V. V'¢ = +BA3 (5,3 — (1 — g) 5255) (G = M)
. H
Section 3: V. V’¢ = —EA3 (5; — (1 + HQ) 5255) (g = gh™) . (3.6)

We emphasise that both the background considered for the metric (a flat Minkowski back-
ground for section 2 and a cosmological FLRW metric for section 3) and the scalar field
background (the galileid vacua discussed in detail for section 2 and a cosmological Galileon
on the tracker discussed in detail above) are different for those two cases. However, (3.6) sug-
gests that for sufficiently high energy ¢ fluctuations (for whom gEleRW can be approximated
as 1), an instantaneous mapping between the two solutions emerges at a given instant ¢;
during the cosmological evolution, namely

B~ =, a/B ~ —H;/H?. (3.7)

The scattering of sufficiently high energy ¢ fluctuations can therefore instantaneously be
described by the effective action of section 2.1 with {«, 5} satisfying (3.7), where we recall that
£=oH /A3 is constant on the cosmologically relevant tracking solution, with its constancy
(i.e. reaching the tracker before dark energy plays a significant role in the Universe’s evolution)
mandated by CMB constraints [63].

Equipped with the mapping (3.7), we can therefore identify preferred positivity bounds
for any instance in a given Galileon cosmology. We now investigate how these bounds can
be used as theoretical priors in deriving cosmological parameter constraints. As before, we
fix ¢co = —1 and solve for ¢4 and ¢5 using the Friedmann and current conservation equations.
In addition we fix § = —¢ from (3.7) and use the tadpole condition for (¢, 3) vacua to find
a unique corresponding «. Overall this procedure associates a unique galileid (¢, 3) vacuum
solution to a given (&, c3). Using (3.7) we can identify at which point in the evolution, i.e.
for which time ¢; and H; / Hf = —a/f this mapping establishes a direct link between the
cosmological solution and the given (¢, 5) vacuum. Note that, once we have fully solved for
all parameters in terms of (&, ¢3), a specific choice of a/3 traces out a line in the (&, c3) plane.
For example, when choosing o/ = 3/2 (i.e. a period of matter domination upon using (3.7)),
then we find c3 ~ (3.8 — 1.2¢2)/&3.

The resulting constraints are shown in figure 4. The left panel shows the most direct
application of the above procedure. Here we simply use (3.7) to associate a specific (o, 3)
vacuum to any given point in the (§,c3) plane and compute and apply positivity bounds
around that galileid vacuum regardless of the value of a/5. One can then use those bounds
as theoretical priors for cosmological parameter estimation and we see that there is significant
tension between the region of parameter space preferred by the data themselves and positivity
bounds here. About 2/3 of the 20 parameter space for (§,cs) identified by CMB+BAO
constraints is inconsistent with the corresponding positivity requirements. Note that this
includes the highlighted best-fit cosmologies, which prefer larger values for £&. The middle
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and right panel then show more conservative applications of the identified positivity bounds.
Here bounds from a given («, 3) vacuum identified via the above procedure are only applied,
if the mapping (3.7) links them to a physical instance throughout cosmological evolution
— regions where this is not the case are shaded blue and we do not place positivity priors
in those regions. Specifically, the middle panel shows the case where we restrict to vacua
with 2 > —H/H? = a/f > 0 (i.e. from radiation domination to a future de Sitter limit).
The right panel instead shows an even more conservative application where we restrict to
vacua with 3/2 > —H/H? = a/f > 1/2 (i.e. from matter domination to today). Notably,
whether we include radiation dominated phases or not only has a marginal impact on which
regions in the (§,c3) plane we can constrain (slightly shrinking the region where we apply
constraints from the left), but whether we extrapolate up to a future de Sitter limit or not
has more significant implications (shrinking the region where we apply constraints from the
bottom right. This future extrapolation is particularly important with an eye on constraining
some of the observationally most-favoured large £ cosmologies. Note that (looking beyond
the specific examples considered here), regardless of the specific family of vacua and/or form
of the mapping used, establishing the range of cosmological evolution to which positivity
bounds are applied is crucial in determining the resulting constraining power along the lines
explored here. In particular, we expect that extrapolating up to a future de Sitter limit will
always significantly increase constraining power in a dark energy context.

In all three cases shown in figure 4 positivity bounds rule out most cosmologies with
positive cz. In the ‘medium’ case we also (just) rule out the best-fit CMB4+BAO+ISW cos-
mology and some of the region most preferred by data (namely the large £ cosmologies within
the 20 contours). The least conservative case also rules out the best-fit CMB+BAO cosmol-
ogy and completely eliminates the large & cosmologies (£ 2 2.5) preferred by observational
data alone.

Additional constraints from observations. Throughout this paper we have only con-
sidered a small selection of observational bounds to illustrate the interplay between such
constraints and theoretical positivity priors. In future work this can be improved upon by
implementing/adding additional already existing theoretical bounds/observational data to
the analysis. Here we point out a few potential examples for this route:

o Incorporating galaxy-ISW cross-correlations into our analysis (cf. [90, 116-118]) as well
as existing large scale structure measurements (e.g. from redshift space distortions or
weak lensing observables) promises to add additional constraining power that would
add to our analysis on linear cosmological scales.

e While we have restricted ourselves to considering the covariant Galileon as a dark
energy EFT for cosmological scales here, complementary constraints can be obtained
from significantly smaller scales probed by gravitational waves, e.g. by considering the
propagation of dark energy perturbations on backgrounds sourced by binary SMBH
mergers. This probes scales ~ 10 orders of magnitude smaller than cosmological scales
and yields additional constraints on the size and presence of gravitational-wave in-
duced dark energy instabilities [119] (also see the closely related [120, 121]). This in
turn can significantly tighten cosmological parameter constraints on dark energy [122],
so investigating the interplay of these constraints will be an interesting task for the fu-
ture. Here we have focused on observational constraints from cosmological scales only,
in effect conservatively applying our EFT description of dark energy on cosmological
scales only.
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Figure 4. The equivalent of figure 3, but here we fix 8 = —¢ so that (together with the tadpole
condition) there is a unique (o, 8) vacuum assigned to each point in the (£, ¢3) plane. This assignment
is such that, if F /H? ~ —a/B at some stage during the cosmic evolution, then the cosmological é
at that instant can be mapped to the corresponding (a, §) vacuum via (3.6) and (3.7). This assigns
a unique positivity bound to each point in the (£, c3) plane, representing the bound from section 2
which is most relevant for this particular cosmology. Left panel: points lying in hashed grey areas are
ruled out by their respective positivity bounds, while black regions fail ghost/gradient stability tests.
Middle panel: same as left, but with a blue shaded region, where H/H? = —a/f is not achieved
at any stage in the cosmic evolution from radiation domination to a future de Sitter limit, i.e. where
2> —H/H? = /B > 0. So in the blue region the mapping (3.7) does not relate the (a, 8) vacua
assigned to individual points to instances during the actual cosmological evolution. Note that, under
this mapping, specific values of H /H? trace out lines in the panels shown. The mapping (3.7) therefore
cannot be invoked as robustly in the blue regions, but we can see that even only applying positivity
priors outside those regions still excludes a large portion of the observationally relevant cosmologies
(just about including one of the best-fit cosmologies). Right panel: same as middle, but where blue
shaded regions now denote parameter values for which H JH? = —a/f3 is not achieved at any stage
in the cosmic evolution from matter domination to today, i.e. where 3/2 > —H/H? = a/f > 1/2.
This panel therefore displays a maximally conservative application of positivity bounds, with minimal
extrapolation into the past and future. Even in this case positivity priors exclude a substantial fraction
of the observationally relevant parameter space. Note that the vast majority of positive c3 cosmologies
is ruled out in all three cases shown.

e Finally, we have not incorporated any bounds on the speed of gravitational waves
here. While especially the near simultaneous detections of GW170817 and GRB
170817A [123-127] have also been used to significantly reduce the functional freedom
both for the covariant Galileon as well as for wider classes of dark energy/modified
gravity theories (see [128-131] and references therein), the frequencies of the merger
are close to Ag, so additional assumptions about the UV physics are necessary to apply
these bounds [132]. Our goal here is to remain as agnostic as possible about the UV
physics, so we will not fix the speed of cosmological gravitational waves here. Note
that this is also in the spirit of only applying our EFT description of dark energy on
cosmological scales, as mentioned above.

4 Discussion

Summary. We have explored how positivity constraints can vary when computing them
around different vacuum solutions by considering the simple covariant Galileon model (1.1)
as an instructive and illustrative example. These different positivity bounds can provide a
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valuable sign-posting of the IR landscape, identifying regions of parameter space in which
one or more of the EFT vacua cannot possibly survive UV completion by any unitary, causal,
local new physics. Particularly interesting are cases in which the usual (trivial) vacuum ¢ = 0
is either not stable or violates the positivity bounds — we have shown that such theories
may nonetheless be UV completed providing they possess a stable non-trivial field configu-
ration which satisfies the corresponding bound. This is especially relevant in a dark energy
context, where — both for the covariant Galileon we have focused on here as well as for large
classes of other observationally relevant scalar-tensor theories — cosmological observations
require that the kinetic term has the “wrong sign” for the trivial solution [63-65], and so
any comparison between positivity and cosmological data must employ bounds from other
(non-trivial) solutions. We showed that present observational constraints are incompatible
with the existence of large families of such non-trivial solutions in the UV completion of the
theory and we illustrated how this can be used to probe the underlying vacuum structure
with present-day constraints from data and/or to tighten data constraints by imposing priors
from the existence of well-motivated vacua. Finally, from the various background solutions
for ¢ that we consider in this work, we identify one which is “closest” to the cosmologi-
cal background evolution at a given time (in the sense that the scalar field profiles match
instantaneously). Positivity bounds computed around this vacuum are therefore especially
well-motivated as theoretical priors for cosmology and we have shown how the corresponding
bounds impact cosmological parameter constraints, e.g. reducing the viable region of param-
eter space by up to ~ 70% (with the precise percentage depending on the range of vacua from
which the bounds are inferred) and, for instance, ruling out the vast majority of otherwise
observationally viable cosmologies with c3 > 0.

These results — in particular the improved understanding of how different vacua lead
to different positivity bounds — open up several new directions for future exploration.

Beyond the covariant Galileon. To illustrate our main point, we have focussed on
a particularly simple theory: the covariant Galileon. This had the advantage that there
are many Lorentz-invariant and boost-breaking background solutions about which to derive
positivity bounds and a simple tracker solution for the cosmological background evolution.
In other more realistic models, it will generically be the case that expanding around different
stable backgrounds will produce different positivity bounds, and therefore a more refined
application of positivity bounds in the future will account for which subset of these vacua
are assumed to persist in the UV theory.

EFT of Dark Energy. The time-dependence of the cosmological background is generally
more complicated than simply ¢ ~ t2. One way to derive positivity bounds directly on this
background would be to treat the scalar fluctuations as in the EFT of Dark Energy [133].
This shares many similarities with the EFT of inflation [134], and in particular in a suitable
subhorizon/decoupling limit the corresponding scattering amplitudes would break only boosts
(see for instance the discussion in [105]). This is potentially an avenue towards applying this
positivity technology directly on the cosmological background (albeit on subhorizon scales).

Improved positivity bounds. Recently there has been much progress developing pos-
itivity bounds on the scattering of scalar fields about Lorentz-invariant backgrounds. In
particular, exploiting full crossing symmetry can lead to upper bounds on coefficients like
Csst [20—24], which complement the lower bounds considered here. Our observation that ex-
panding around different vacua will correspond to different bounds on the EFT parameters
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remains true also for these additional positivity bounds. It is worth remarking that these
further bounds from full crossing symmetry have not yet been extended to boost-breaking
backgrounds, and so for the o # 8 backgrounds considered above the only bounds currently
available are the lower bounds shown here. It would also be interesting to further investigate
the gravitational corrections to the positivity bounds studied here, for instance along the
lines of [27-32].

Future data constraints. As discussed, the predictions of the covariant Galileon (as
cosmological dark energy) are in some tension with the latest BAO data [90], e.g. with
results from the main galaxy sample (MGS) of SDSS DR7 [112]. So future more precise BAO
data have the potential to conclusively rule out this specific class of theories as well as to
place significant constraints on dark energy effective field theories at large. Secondly, for the
Galileon cosmologies we have focused on here, there is a strong ~ 5o preference for a non-zero
sum of neutrino masses [90], more specifically a preference for a rather large sum of neutrino
masses y,m, ~ 0.5eV. While the total neutrino mass is known to be at least ~ 60 meV
from oscillation experiments [135-138], near-future experiments are forecast to measure this
sum of masses with an error of ~ 30 meV [139], drastically improving constraints and placing
significantly more precise bounds on (and potentially decisively ruling out) models such as
the covariant Galileon and other EFTs of dark energy. More generally, and going beyond the
context of the specific illustrative models considered here, increasingly accurate measurements
of clustering and lensing by large scale structure are expected to tighten current observational
bounds (e.g. on the ¢; as considered here) by approx. an order of magnitude in the near future
(LSST, CMB-54, SKA) [140]. Combined with novel constraints from gravitational waves, this
should allow us to obtain far more precise hints from data as to the underlying nature of
dark energy.
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A Galileid interaction coefficients

The expressions (2.4) and (2.7) given in the main text for the effective interaction coefficients
of ¢ around a general (o # ) Galileid background are written in terms of the intermediate
¢n, coefficients (2.2) of the Lorentz-invariant (o« = [3) background. For ease of reference, note
that in terms of the original ¢, coefficients appearing in the covariant Galileon action (1.1),

J=c1 —2(a+38)ca — 24B(a + B)cz — 2432 (3a + B)es + 16a%¢cs

Z%/c3 = ¢y +12Bc3 + 368%¢4 — 8835 (A1)
4eg + 24Bcy — 8%
2 _ 3 4 5
1—65—(ﬂ—a> ZQ/CZ’ )
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and

VG = 1 (cs+3(a+ B) ¢; — 2a8cs)

\/—7§d3 = é (03 (1 — CZ) + 3¢y (a + 06— 250?) — 2¢5 (aﬁ — 5203))

V=g = clg <C4 - ;0405>

\/—7§J4 = clg (304 (1 — cg) — 2c¢5 (a — ,80?)) . (A.2)

B Positivity bound details

In this appendix we collect various details that underpin the positivity bounds studied in
the main text. First, in section B.1 we briefly review the arguments that connect unitarity,
causality and locality in the UV to bounds on the EFT coefficients. Then in section B.2
we compare these positivity bounds with the bounds which would have been inferred from
perturbative unitarity alone. In particular, we show that for the covariant Galileon considered
here, loop corrections to the EFT can remain small in the limit v > 1 at small s which was
used in the main text to derive positivity bound (2.20). The role of the v parameter and
its physical interpretation are described in more detail in section B.3. Finally, in section C
we explicitly write these positivity bounds for a general shift-symmetric amplitude (with no
Galileon symmetry), to facilitate future applications to other scalar field theories.

2 — 2 scattering amplitude. The central object in deriving these UV/IR connections
is the 2 — 2 elastic scattering amplitude, 4. Since the general background (2.1) breaks 3
boost symmetries, the amplitude can depend on 5 independent variables (3 more than the
usual Mandelstam s and ¢), which we take to be A(s, t, w1, w2, ws) (since time translations are
unbroken, the energy of particle 4 is fixed as wy = —w; — wo — w3). Here wy is the time-like
component (i.e. the frequency) of the 4-momentum p/; for particle A. Furthermore, since the
propagator of ¢ fluctuations is given by (g“”p,m,,)_1 in momentum space, it is most natural
to define the Mandelstam variables as,

5= —(p1 +p2)ud" (p1 + p2)v (B.1)
t = —(p1 +p3)ud" (p1 +p3)y (B.2)
u = —(p1 + pa)ug"” (p1 + pa)v (B.3)
where our convention is that > ,p, = 0 (and recall from section 2 that g =
diag (—1,63,0?,6?)). These obey the usual relation, s + ¢t + u = 0, since on-shell fluctua-

tions satisfy the free equation of motion®’ Pug"’py = 0. In terms of these variables, the
2 — 2 scattering amplitude from the cubic and quartic interactions (2.5) and (2.6) is,

a3\ s+t +ud

"4(37t7w1aw27w3) = <64 - Z2> Ag

(263&3 B j4> s% (wiwa + wawy) + 12 (wiws + wows) + v (wiws + wows)
A3

(B.4)

where we note that the d% term is proportional to s + ¢ + u and hence vanishes.

200r rather p,§"p, = O(m?), if the shift symmetry is softly broken by a small mass.
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B.1 Overview of positivity derivation

In this section we briefly review the arguments of [10, 12] and [105] which connect the
properties of unitarity, causality (analyticity) and locality (boundedness) of the underlying
UV theory to the bounds (2.9), (2.10) and (2.14, 2.18) on the low-energy EFT coefficients.

Lorentz-invariant bounds. For Lorentz-invariant interactions, the scattering amplitude
is a function of the two Mandelstam variables only, A(s,t). Assuming a unitary, causal,
local (Lorentz invariant) UV completion leads to various positivity bounds on A(s,t). In
short, unitarity (namely a partial wave expansion of the optical theorem) can be used to
show that,?!

Oy ImA(s,t)|=0 >0 (B.5)

for any physical value of s and any number of ¢ derivatives, while causality and locality can
be used to prove a simple dispersion relation which relates the amplitude at different scales,

1 1
5 —sP (& +s+ip

o0 !/
D2A(s,t) = / d% Tm A(s', £) , (B.6)
0

where we have neglected the particle masses,?? and made use of the crucial crossing property
that A(s,t) = A(u,t). (B.6) can be used to connect unitarity (B.5) in the UV (namely
positivity of Im A(s',t) at large s) to properties of the low-energy EFT (namely the sign of
02 A(s,t) at low s). Explicitly, supposing that the low-energy EFT can be used to reliably

compute A up to an energy s, (beyond which it breaks down and is replaced by a UV
completion), then we can use (B.6) to relate Agpr and Ayv,

s ds’
8§BEFT(S,t) = 8§AEFT _/0 - ImAEFT(S/,t)

1 1
&P (s/+s+t)3}

% ds’ , 1 1
_/Sb = Im Ay (s, ) {(8,_5)3 + (S,Hﬂ)g} : (B.7)

where we have introduced Bgpr as shorthand for the low-energy part of (B.6). A unitary,
causal and local UV completion at high energies therefore requires various bounds on Agpr
— in particular the forward limit must be positive [10],

2 [>®ds
=0 = */ -3 ImAUv|t:0 >0, (B.8)
=0 T Js, S

b

and the ¢ derivatives must be bounded in terms of lower-order derivatives [12],

2 [ ds _

b

and so on. When applied in perturbation theory, where the EFT amplitude takes the
form (2.8), (B.8) implies (2.9) and (B.9) implies (2.10).

2INote that 97Tm.A(s,t)|+—0 = 0 requires that A = 0 at all energies, i.e. that the theory can have no
interactions and is trivially free.

22In practice a gapped theory will have ImA = 0 for 0 < s’ < 4m? below the two-particle threshold, and
also |A| < s? at large s due to the Froissart bound. Although we will neglect mass effects, we continue to
assume this Froissart boundedness in the UV.
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Boost-breaking bounds. For a general amplitude A(s,t,w;, w2, ws) in which boosts are
broken, unitarity (namely a suitable spherical wave expansion of the optical theorem) can
again be used to establish that [146],

o Im A(s, t,wi,wo,ws3)| =0 >0 (B.10)
wi=—w3

for any physical value of s and of the energies, where now the forward limit corresponds
to both ¢ = 0 and w; = —ws. Translating (B.10) into EFT positivity bounds was recently
considered in [105] (see also [104] for earlier work with particular centre-of-mass kinematics).
The central distinction with Lorentz-invariant positivity bounds is that some prescription
must be provided for how to hold the three energy variables fixed when performing the
partial derivatives and integration in any dispersion relation (B.6). In particular for s-
channel scattering, since the spatial momenta cg|p1 + p2| > w1 —we on-shell, the Mandelstam
s defined in (B.1) must obey,

5 < (w1 4 w2)? — (w1 —wo)?. (B.11)

This means that holding w; and wy fixed is not an option, since (B.11) would always be
violated at sufficiently large s, invalidating the unitarity bound on the UV amplitude (which
only applies to physical on-shell momenta). Instead, it was argued in [105] that the correct
prescription for the forward limit amplitude is,

A(s,v,M):= A (s, t=0, w = —w3 =72M, wy = ﬁ) , (B.12)

where w; and wy have been replaced with the variables v? and M, and the s-channel condi-
tion (B.11) becomes simply M > 0 and 72 > 1. Fixing ws in terms of s in this way ensures
that when s is analytically continued to —s, ws is analytically continued to —ws = wy, and so
one may retain a simple crossing relation, A(s,y, M) = A(—s,~, M) (since particles 2 and 4
are indistinguishable). Following the same steps as in the Lorentz-invariant case, assuming
the analogous properties (analyticity, crossing and Froissart boundedness®?) of /i(s,fy, M)
in the full UV theory leads to a dispersion relation of the form (B.6) which connects the
amplitude on different scales, allowing (B.10) to constrain the EFT amplitude.
The analogue of the leading positivity bound (B.8) when boosts are broken is,

- 2
02 Brpr|s=0 = ;/
S

(s

3 ImAUV >0, (B.13)

b

where the derivatives/integrals are taken with ~, M held fixed, and the inequality holds for
any M >0 and v > 1.
To go beyond the forward limit, one might imagine that,

A(s, t,y,M):=A (s, t, w1 = —wg =M, wy = ‘;\;) (B.14)

is the natural extension of (B.12), since this would retain a trivial crossing relation

A(s,t,v, M) = A(u,t,v, M). However, the t derivatives,

23In the Lorentz-invariant case, these properties are consequences of unitarity and causality in any local
quantum field theory with a mass gap. When boosts are broken, there is not yet a rigorous derivation of these
properties from causality, however see [105] for first steps in that direction.
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Olm A = (9 + ghp0., ) Im A (B.15)

are not positive, due to the J,, term. As described in the appendix of [105], the key to going
beyond the forward limit is to consider an integral of the amplitude,?*

Z(s,t,y,M,0) = /W

S—u
8M -

dwa A(s,t, w1, w2, W3] = =201 5 (B.16)

where we assume that the constant § can be chosen sufficiently small that this integral
converges for any s (which is certainly the case in perturbation theory, since A(s, t, w1, w2, w3)
is analytic in we at fixed s), and provides a new complex function which shares the analyticity
properties of A. Unitarity (B.10) now guarantees that,

(at + %M&s) ImZ(s,t,7, M, d)|=0 > 0 (B.17)

for all s > 0, M >0, v > s/(s —46M) > 1 (to be compatible with the condition (B.11)
for real momenta in the s-channel), and so a dispersion relation for Z can be used to place a
positivity bound on the EFT analogous to (B.9),

2 [>*ds _
o + % + ﬁ%} OSZIEFTLGES = /sb 3 (at + ﬁad + %Ssssbb) ImZyvy|i=o >0  (B.18)
which must be satisfied for all 42 > 14§ /wy, > 1, where w, is the energy scale up to which the
branch cut can be subtracted within the EFT. When applied in perturbation theory, where

the EFT amplitude takes the form (2.16), (B.13) implies (2.14) and (B.18) implies (2.18).

EFT regime of validity. Our leading-order, tree-level computation of Agpr(s,t,w,ws, ws)
is subject to corrections from (i) higher-derivative interactions in the EFT (which cap-
ture loops of all heavy fields integrated out of our description), and (ii) loops of the light
fields. To estimate the size of (i), we appeal to a simple EFT power-counting in which all
fields/derivatives are suppressed by the same cut-off scale A,

(B.19)

_ e )
-AEFT—ALO+O<A2a A A) :

In order for our leading-order calculation Ao (which included only the interactions with
fewest derivatives, namely (1.1)) to be a reliable estimate, we require that,

2

S
s

w1 w2
- 1 -z
A <5 A

<1. (B.20)
In particular, when applying the positivity bounds above, in which w; and w9 are fixed in
terms of (s,v, M), (B.20) implies that higher-derivative corrections are only small provid-
ing that,

M1
%<<X<<?§1' (B.21)

24The integration limits have been chosen so that Z(u,t,v, M,8) = Z(s,t,~, M,§) inherits the crossing
relation of A.

— 96 —



Put another way, when 2 is large, this lowers the effective cut-off of our EFT in the complex
s-plane to spax ~ A?/42. In the main text, when we discuss the large 42 > 1 limit, we have
in mind that we evaluate Agpr at sufficiently small s (< Spmax) that these higher-derivative
corrections remain small.

To estimate the size of (ii), the correction due to light loops, we can use perturbative
unitarity. This is described in more detail in the following section, but in summary: since
perturbative unitarity imposes a condition of the form Im A > |.A|?, we can use our tree-level
calculation of |A| to place a lower bound on the size of the light loops (which contribute to
Im A). We find that the soft behaviour of the Galileon amplitude, lims_,9.4 = 0, guarantees
that there is never any obstruction to making 72 large, providing s is made small enough.?”

B.2 Comparison with perturbative unitarity bounds

In this section, we compare the positivity bounds studied in the main text with the bounds
that can be placed on the EFT coefficients from perturbative unitarity alone. In short,
unitary time evolution is encoded in the amplitude via the optical theorem,

1

* _ *
2 (Ampzapsm - Ap3p4—>p1p2) - / Ap1p2H<11QQAp3p4—>q1q2 +... (B'22)
q1q2

where the + ... terms involve higher n-point amplitudes and are positive for forward scat-
tering. The integral on the right-hand-side is over the two-particle phase space, subject to
the momentum conservation condition that p; 4+ p2 = ¢1 + go.

Lorentz-invariant bounds. The partial wave expansion,’

Apipa—spsps = 16mgs Y (20 + 1) Py(cos 05) ag(s) (B.23)
l

replaces ¢t with the centre-of-mass frame scattering angle, cos s = 1 + 2t/s. The degeneracy

factor g5 accounts for whether the two ingoing particles are distinguishable (gs = 1) or
indistinguishable (g5 = 2) in the s-channel. Substituting (B.23) into (B.22) gives 2Im ay(s) =
lag(s)|? + ..., where the higher-order + ... terms are all positive. Unitarity can therefore be

expressed in terms of the partial wave coefficients as,
1> Jae(s)] > Imay(s) > 0. (B.24)

For the amplitude (2.8),2” the only non-zero partial wave amplitudes at tree-level are,

52
aO(S) = @ (5Css - Csst-s)
2
as(s) = 9607 (css + Cssts) - (B.25)

Since cgs ~ 1/A% and cggp ~ 1/A in terms of the EFT cut-off, the unitarity bound (B.24) is
always satisfied in perturbation theory providing s < kA, where k is an order one number
(whose precise value can be inferred from (B.25) if so desired).

2In contrast, in the absence of any shift symmetry, one could have contributions to A from s-channel
exchange that ~ wi'/s = WQ”M"/S, and these will violate perturbative unitarity at large v / small s.

26Note that here, as in the main text, we are treating all particle masses as negligible.

2"More precisely, from the c¢ss and css¢ terms appearing in the full amplitude (C.9) and (C.10).
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Boost-breaking bounds. When boosts are broken, the amplitude depends explicitly on
the energies of the particles (as discussed in the previous section). One may nonetheless
restrict one’s attention to scattering processes for which p; + p2 happens to vanish, i.e. those
for which the partial wave expansion (B.23) may be used just as in the Lorentz invariant
case. This corresponds to setting all energies |w,| = 1/s/2. The resulting optical theorem
can be used to place constraints on the EFT Wilson coefficients (see for instance [147, 148]).
However, to leverage the full constraining power of unitarity, we must allow for scattering at
arbitrary kinematics, as described in [146]. This requires expanding the amplitude in terms

of more general angular momentum states, and leads to the spherical wave expansion,?
2
Apipy—paps = 6477 gs Z YZT1 (7917§01) 5 (03, 3) aélfg 2(8,7s) 5 (B.26)
iras

where the angles ¥,, and ¢,, describe the direction of p,, (relative to p; + p2), and ~; is the
Lorentz factor associated with the centre-of-mass motion, i.e. v5 = 1/4/1 —vd,;/c? where

voM = ¢2|p1 + pa|/(w1 + w2). These are explicitly related to the variables used in the main

\f vs (1 — cosvy,)
t= % (—1 4 cos ¥y cos V3 + sin ¥y sin vz cos (1 — ¢3)) - (B.27)

|wn| =

Note that this v, is related to the v appearing in the positivity bounds, but they are not iden-
tical — the precise relation between the two is given in the next section. Substituting (B.26)
into (B.22), unitarity can be expressed in terms of the spherical wave coefficients as,

mi mims m3x*x m
E v tag i (8,75 vt | < E vt (B.28)
l103
mims m

for any complex vector v}", which is the matrix analgoue of |a,| < 1.

For the Galileon amplitude (2.16),3° the non-zero spherical wave amplitudes are,3!

3
S 1
88 [_Csst — —dstww — 7; dstww]

19271’ 6 1
00 _ 00 2
02 =00 7 5300/Br s (2 1]
3 2
S 1
agg 9607T Csst + gdstww - Edstww‘|

28The 2-particle partial wave expansion in a general Lorentz frame can also be found in [149].

2Note that the amplitude does depends only on the difference 1 — 3 (since rotations about p1 + p2
remain unbroken by the centre-of-mass motion), and consequently a;}"™* (ws, s) is diagonal in its m1 and ms
indices. Further selection rules on these spherical wave coefficients can be found in the appendix of [105].

30More precisely, from the Galileon-invariant terms appearing in the full amplitude (C.10).

31Note that the centre-of-mass frame corresponds to v, = 1. With this choice, the spherical wave coefficients

are related to the traditional partial wave coefficients by, a¢(s) = #H 21:72 ags™ (8, Ys)|ys=1-

~ 98 —



141 S [ 1 ]

a22 - 9607 Csst + sttww
afp = s Csst + lgd (B.29)
29 9607 sst A stww | - .

Since cgs¢ and dggo both ~ 1/AS in terms of the EFT cut-off, the unitarity bound (B.24) is
always satisfied in perturbation theory providing v2s® < k'A%, where x' is again an order one
number (which can be inferred from (B.28) if so desired).

The important point here is that, while perturbative unitarity bounds like (B.24)
and (B.28) are useful for estimating the regime of validity of the EFT, they invariably con-
strain the absolute size of Wilson coefficients, but not their overall sign. The positivity
bounds discussed in the main text however, since they are exploiting causality and locality in
addition to unitarity, are able to say something non-trivial about the signs of each coefficient
appearing in the amplitude.

Finally, note that (B.29) confirms that, providing the interaction energy s is sufficiently
small, the centre-of-mass velocity may be large (i.e. 75 > 1), without generating large loop
corrections (i.e. loops can be small without violating the bound (B.28)). Since when s is
small, v5 ~ v2M/4/s, this also implies that taking v > 1 at fixed M and s (as we do in the
main text to derive (2.20)) can remain safely within the EFT’s regime of validity. We will
now discuss the link between 72 and 72 in more detail.

B.3 The role of ~2

In this short section, we describe the physical interpretation of the parameter + that appears
in the positivity bounds (2.15) and (2.18). It is related to the Lorentz factor 75 of the centre-
of-mass motion, however 7, is not a manifestly crossing symmetric quantity. In order for the
amplitude to exhibit an s <+ u crossing symmetry, we should instead hold fixed a combination
of 75 and y, (its u-channel counterpart) which is manifestly s <> u symmetric. One natural
choice is,

2 _ 2
p2= s T W 2 02 Ghen = 0 (B.30)
S—Uu
where,
2 2 2 2
c + c +
7§:1+slplsm\, ﬁsz‘l’luPﬂ (B.31)

represent the “centre-of-mass motion” in the s- and u-channels respectively. This particular
combination corresponds to the velocity of the so-called Breit frame, in which the analytic
structure of the amplitude is simplest [105]. Note that for the physical scattering process
p1P2 — P3p4, Yu does not represent the speed of any physical object (in particular 42 < 0),
but rather is the analytic continuation of v, under po <> p4. In fact, if one focuses on real
momenta in the s-channel, then in the forward limit one can write 42 = cos? 1 + 2 sin? ¥,
in terms of the angular variables of the previous section — in particular, v < v, and is only
= 75 when 9, approaches /2.

At this point, it is worth noting that there is a caveat to the second positivity
bound (2.20). A violation of (2.20) could be consistent with a unitary, causal, local UV
completion if the EFT breaks down before a maximum value of v,
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Figure 5. Same as figure 3, but for different values of 42 when evaluating positivity bounds. Black
regions fail ghost and/or gradient stability bounds, while grey hashed regions are excluded by (from
left to right): pos. bound 1 (2.19) (which sets ¥2 = 1) only, pos. bound 1 (2.19) and the general
positivity bound (2.18) with 42 = 10, pos. bound 1 (2.19) and pos. bound 2 (2.20) (which effectively
sends v2 — oo). The observationally relevant positivity priors for the case considered here can
therefore already be derived from the small 7 region, 42 < 10.

~9 2~
9 C3 — Z“Cy
=2 = _ B.32

even at s =~ (0. Physically, this corresponds to an EFT which cannot resolve large centre-
of-mass motions with s > Ymax, N0 matter how small the interaction energy s is. As we
argued above, there can be no such breakdown in ~ if integrating out the heavy physics leads
to a simple EFT power-counting in which all fields/derivatives are suppressed by the same
scale. But in principle a more exotic UV theory, which produces a low-energy EFT in which
temporal /spatial derivatives are suppressed by very different scales such that Agpp breaks
down before (B.32), could violate (2.20) without sacrificing unitarity/causality /locality. The
7?2 = 1 positivity bound (2.19), on the other hand, is more robust because this constraint
could only be evaded if the EFT breaks down already at v = 1, i.e. already in the centre-
of-mass frame, in which there is no overall motion with respect to the symmetry-breaking
background.

For the particular case of the covariant Galileon discussed in the main text, in practice
the vast majority of the constraining power comes from the positivity bounds evaluated at
72 < 10, as illustrated in figure 5. So although in the main text we introduced bound (2.20) as
a large v2 limit, our subsequent discussion of how this constraint interfaces with observational
constraints actually applies to any standard UV completion which produces a EFT able to
resolve relative motions up to 2 ~ 10.

C Bounds on a general shift-symmetric amplitude

Without a Galileon symmetry, the 2 — 2 amplitude will generally depend on more combina-
tions of {s,t,ws,ws, wy, } at this order than the two given in (2.16). In this section we provide
a complete, manifestly crossing symmetric, basis which captures all possible amplitudes, and
write down the corresponding positivity bounds at O(s?) and O(s%t).
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Counting the invariants. We begin by simply counting the total number of independent
terms which can appear in A at a given order in derivatives. To simplify this counting,
we can treat the Mandelstam u as an independent variable (and set u = —s — ¢ at the
end of the calculation). Then since we are scattering identical fluctuations, the function
A(s,t,u,ws, wy, w,) must be invariant under the following permutations,

Swapping 1 <> 3 : S U, W Wy (C.1)
Swapping 2 + 3 : s t, ws & wy
Swapping 1 <> 4 : s t, ws > —wy, (C.2)

and any combination thereof. We will also focus on interactions that are invariant under time-
reversal, so that A is unchanged by flipping the signs of all energies, w — —w. Altogether,
this gives 48 separate permutations under which A must be invariant. Since A at tree-level
is an analytic function of its arguments, we arrive at a simple combinatorics problem: how
many ways can one combine powers of the variables {s, ¢, u,ws, w;,w, } to make a term which
is invariant under all of the desired permutations? Fortunately, the solution to this kind of
problem is well-documented. We can express the answer in terms of a Hilbert series,

H(p,q) =Y Napq’, (C.3)
a,b

where N is the number of invariants that contain a Mandelstam variables (i.e. a powers
of s,t or u) and b energies (i.e. b powers of ws,w; or wy). Using Molien’s formula with our
particular set of 48 permutations gives a Hilbert series,

1+ pg® + pg* + p*¢* + pP¢* + p*¢°
(1=p)(1=p?)(1 =p3)(1—-¢*)(1 —¢*)(1 —q°
=1+ (p+a®) + (22 + 2% +2¢*) + ...,

H(p,q) = (C.4)

which tells us that there are 2 combinations of mass-dimension 2 (one of the form s and one
of the form w?, namely s+t-+u and w2 +w?+w?), there are 6 combinations of mass-dimension

4 (two of the form s2, two of the form sw?, and two of the form w?), and so on.3?

An explicit basis. In fact, the Hilbert series (C.4) tells us that any polynomial of these
six variables which is invariant under these permutations can be written in the following form
(a so-called “Hironaka decomposition”)

6
A(s, t, u, ws, wy, wy) = Z-Aij(Pab)Sij , (C.5)
where the sum is over the six “secondary” generators,3
Soo=1, Sio = sw? + twt2 + uwg
S1y = swi 4 tw + uw? Sgo = s%w? + t2w? + u? (C.6)
So4 = 512512, Ss6 = S14522 .

32To account for the constraint s + ¢+ u = 0, one can simply multiply # by a factor of (1-p).
33Note that the secondary generators must be constructed with care, since they require the property that
any product SgpS;i; can be written in the form (C.5).
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which may only appear in single powers (this accounts for six terms in the numerator
of (C.4)), with coefficients that depend on six “primary” generators,

Po=s+t+u, P02:w§+w§+w§,
P20232+t2+u2, P04:w§‘+wf+w3, (C?)
Pyy =3+ 13+, P06:wS+wf+w2,

which may appear to arbitrary powers, (P,)" for any N (this accounts for the six factors
in the denominator of (C.4)). Finally, imposing s + ¢+ u = 0 corresponds to setting Pjg = 0
and removes one of the primary generators.

Explicitly, this reveals that the most general tree-level amplitude (invariant under space-
time translations and spatial rotations, but not boosts) is described up to sixth order in
derivatives by just 14 Wilson coefficients,

A(s, t, ws,wy,wy) (C.8)
= coo + coaPo2 + c20Pag + 12512 + c04Pos + chy P

+ €30 P30 + 22592 + hy PoagPoa + 14514 + €14 Po2S12 + o6 Pos + chgPoaPoz + s Py

Using this general template, we are now going to impose an approximate shift-symmetry to
wittle the number of free coefficients down a little further, and then apply positivity bounds.

At leading order. An exact shift symmetry would require that the amplitude exhibits
certain soft behaviour, in particular A — 0 when any single p, — 0 (equivalently, the La-
grangian is built from interactions in which each field is covered by at least one derivative).
Even when this symmetry is broken by a small mass, this soft behaviour in the massless limit
can be used to infer a hierarchy between the coefficients in (C.8). For instance, the cgg and
o2 terms in (C.8) are suppressed (since they correspond to interactions with fewer than one
derivative per field), and so the leading order amplitude begins at mass-dimension 4. Fur-
thermore, only one combination of cy4 and 064 is unsuppressed — namely the term w;wowswy
(in which each field has a single derivative). This means that a general shift-symmetric
amplitude, at leading order in derivatives, is described by just three Wilson coefficients,

1 1
.ALO(S, t, wg, W, Wu) = 5058 (52 + t2 + U2) + stww (Swg + tw? + Uwz) + dwwwwwlw2w3w4
(C.9)

where we have redefined the coefficients {cap, €12, 04} aS Css, dsww, dwwww to match (2.13).
Positivity of the UV completion requires that these coefficients obey the bound (2.15) given
in the main text.

At next-to-leading order. At next-to-leading order (i.e. at sixth order in derivatives),
there are up to 8 new coefficients, but only 6 of these are compatible with an approximate
shift-symmetry. Separating out the Galileon-invariant terms (and renaming their coefficients
to csst and dgy,, to match (2.16)), we have that the most general tree-level EFT amplitude
at sixth order in derivatives (and constrained by spacetime translations, spatial rotations,
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and an approximate shift symmetry) is given by,

ANLO(8, T, ws Wi, Wy (C.10)
__lc (3+t3+ 3 —ld 2 2 2
=—gCsst (8 u 1 Gt (8 (Wiwa +w3wa) + 17 (wiws +waws) +u” (wiws +waws)
+c22 (Sng +t2wt2 —|—u2w5) +c14 (sw;l —I—th1 +uwf;) +cly (sw? —|—th —|—uw3> (wg —I—wf —I—(,ui)
—+ Ccop W1 Waowswy (wjf —i—w? —i—wZ) .

It is easy to see that the ci14,c}, and cps terms could never arise from a Galileon invari-
ant theory, since the only interactions with that many derivatives require an antisymmetric
derivative structure to be invariant, which can produce at most two time derivatives. The
c92 term cannot be produced for essentially the same reason: the antisymmetric structure
requires that the amplitude vanishes in the forward limit.

Accounting for the four additional Wilson coefficients in (C.10), as well as the three
Wilson coefficients in (C.9), which are not Galileon invariant but which can generally arise
in any shift-symmetric scalar field theory, the positivity bound (B.9) becomes an inequality
that depends on v, M and §. Taking v>M < § gives a bound,

1 3 1 3 1 1
Csst +72 (4dstww - 022) - 74 (8614 + 46/14) > _TSb (Css + idsww’}’2 + mdwwww74) ) (C'll)

which reduces to the bound (2.18) studied in the main text once restricted to only the Galileon
invariant terms.

References

[1] SUPERNOVA SEARCH TEAM collaboration, Observational evidence from supernovae for an
accelerating universe and a cosmological constant, Astron. J. 116 (1998) 1009
[astro-ph/9805201] [INSPIRE].

[2] SUPERNOVA COSMOLOGY PROJECT collaboration, Measurements of Q and A from 42 high
redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133] [INSPIRE].

[3] S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1 [INSPIRE].

[4] S. Capozziello and M. Francaviglia, Extended theories of gravity and their cosmological and
astrophysical applications, Gen. Rel. Grav. 40 (2008) 357 [arXiv:0706.1146] INSPIRE].

[5] S. Capozziello and M. De Laurentis, Fxtended theories of gravity, Phys. Rept. 509 (2011) 167
[arXiv:1108.6266] [INSPIRE].

[6] T. Clifton, P.G. Ferreira, A. Padilla and C. Skordis, Modified gravity and cosmology, Phys.
Rept. 513 (2012) 1 [arXiv:1106.2476] [INSPIRE].

[7] A. Joyce, B. Jain, J. Khoury and M. Trodden, Beyond the cosmological standard model, Phys.
Rept. 568 (2015) 1 [arXiv:1407.0059] [INSPIRE].

[8] P. Bull et al., Beyond ACDM: problems, solutions, and the road ahead, Phys. Dark Univ. 12
(2016) 56 [arXiv:1512.05356] [INSPIRE].

[9] K. Koyama, Cosmological tests of modified gravity, Rept. Prog. Phys. 79 (2016) 046902
[arXiv:1504.04623] [INSPIRE].

[10] A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis and R. Rattazzi, Causality, analyticity
and an IR obstruction to UV completion, JHEP 10 (2006) 014 [hep-th/0602178] [INSPIRE].

— 33 —


http://dx.doi.org/10.1086/300499
https://arxiv.org/abs/astro-ph/9805201
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F9805201
http://dx.doi.org/10.1086/307221
https://arxiv.org/abs/astro-ph/9812133
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F9812133
http://dx.doi.org/10.1103/RevModPhys.61.1
https://inspirehep.net/search?p=find+J%20%22Rev.Mod.Phys.%2C61%2C1%22
http://dx.doi.org/10.1007/s10714-007-0551-y
https://arxiv.org/abs/0706.1146
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0706.1146
http://dx.doi.org/10.1016/j.physrep.2011.09.003
https://arxiv.org/abs/1108.6266
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1108.6266
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1016/j.physrep.2012.01.001
https://arxiv.org/abs/1106.2476
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.2476
http://dx.doi.org/10.1016/j.physrep.2014.12.002
http://dx.doi.org/10.1016/j.physrep.2014.12.002
https://arxiv.org/abs/1407.0059
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.0059
http://dx.doi.org/10.1016/j.dark.2016.02.001
http://dx.doi.org/10.1016/j.dark.2016.02.001
https://arxiv.org/abs/1512.05356
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.05356
http://dx.doi.org/10.1088/0034-4885/79/4/046902
https://arxiv.org/abs/1504.04623
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.04623
https://doi.org/10.1088/1126-6708/2006/10/014
https://arxiv.org/abs/hep-th/0602178
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0602178

11]
12]
13]
14]
15]
16]
17)
18]
19]
20]
21]
22]
23]
[24]
25]
26]
27)
28]
[20]
30]
31)

[32]

A. Nicolis, R. Rattazzi and E. Trincherini, Energy’s and amplitudes’ positivity, JHEP 05
(2010) 095 [Erratum ibid. 11 (2011) 128] [arXiv:0912.4258] [INSPIRE].

C. de Rham, S. Melville, A.J. Tolley and S.-Y. Zhou, Positivity bounds for scalar field
theories, Phys. Rev. D 96 (2017) 081702 [arXiv:1702.06134] [INSPIRE].

B. Bellazzini, Softness and amplitudes’ positivity for spinning particles, JHEP 02 (2017) 034
[arXiv:1605.06111] [INSPIRE].

C. de Rham, S. Melville, A.J. Tolley and S.-Y. Zhou, UV complete me: positivity bounds for
particles with spin, JHEP 03 (2018) 011 [arXiv:1706.02712] [INSPIRE].

G.N. Remmen and N.L. Rodd, Signs, spin, SMEFT: Sum rules at dimension six, Phys. Reuv.
D 105 (2022) 036006 [arXiv:2010.04723] [INSPIRE].

J. Davighi, S. Melville and T. You, Natural selection rules: new positivity bounds for massive
spinning particles, JHEP 02 (2022) 167 [arXiv:2108.06334] INSPIRE].

B. Bellazzini, J. Elias Mir6, R. Rattazzi, M. Riembau and F. Riva, Positive moments for
scattering amplitudes, Phys. Rev. D 104 (2021) 036006 [arXiv:2011.00037] [INSPIRE].

N. Arkani-Hamed, T.-C. Huang and Y.-T. Huang, The EFT-Hedron, JHEP 05 (2021) 259
[arXiv:2012.15849] [INSPIRE].

L.-Y. Chiang, Y.-t. Huang, W. Li, L. Rodina and H.-C. Weng, Into the EFThedron and UV
constraints from IR consistency, JHEP 03 (2022) 063 [arXiv:2105.02862] [InSPIRE].

A.J. Tolley, Z.-Y. Wang and S.-Y. Zhou, New positivity bounds from full crossing symmetry,
JHEP 05 (2021) 255 [arXiv:2011.02400] [INSPIRE].

S. Caron-Huot and V. Van Duong, Extremal effective field theories, JHEP 05 (2021) 280
[arXiv:2011.02957] [INSPIRE].

A. Sinha and A. Zahed, Crossing symmetric dispersion relations in quantum field theories,
Phys. Rev. Lett. 126 (2021) 181601 [arXiv:2012.04877] INSPIRE].

P. Raman and A. Sinha, QFT, EFT and GFT, JHEP 12 (2021) 203 [arXiv:2107.06559]
[INSPIRE].

P. Haldar, A. Sinha and A. Zahed, Quantum field theory and the Bieberbach conjecture,
SciPost Phys. 11 (2021) 002 [arXiv:2103.12108] InSPIRE].

X. Li, H. Xu, C. Yang, C. Zhang and S.-Y. Zhou, Positivity in multifield effective field
theories, Phys. Rev. Lett. 127 (2021) 121601 [arXiv:2101.01191] INSPIRE].

Z.-7Z. Du, C. Zhang and S.-Y. Zhou, Triple crossing positivity bounds for multi-field theories,
JHEP 12 (2021) 115 [arXiv:2111.01169] [INSPIRE].

L. Alberte, C. de Rham, S. Jaitly and A.J. Tolley, QED positivity bounds, Phys. Rev. D 103
(2021) 125020 [arXiv:2012.05798] [INSPIRE].

L. Alberte, C. de Rham, S. Jaitly and A.J. Tolley, Positivity bounds and the massless spin-2
pole, Phys. Rev. D 102 (2020) 125023 [arXiv:2007.12667] [INSPIRE].

J. Tokuda, K. Aoki and S. Hirano, Gravitational positivity bounds, JHEP 11 (2020) 054
[arXiv:2007.15009] [INSPIRE].

M. Herrero-Valea, R. Santos-Garcia and A. Tokareva, Massless positivity in graviton
exchange, Phys. Rev. D 104 (2021) 085022 [arXiv:2011.11652] [INSPIRE].

S. Caron-Huot, D. Mazac, L. Rastelli and D. Simmons-Duffin, Sharp boundaries for the
swampland, JHEP 07 (2021) 110 [arXiv:2102.08951] [INSPIRE].

L. Alberte, C. de Rham, S. Jaitly and A.J. Tolley, Reverse bootstrapping: IR lessons for UV
physics, Phys. Rev. Lett. 128 (2022) 051602 [arXiv:2111.09226] INSPIRE].

— 34 —


https://doi.org/10.1007/JHEP05(2010)095
https://doi.org/10.1007/JHEP05(2010)095
https://arxiv.org/abs/0912.4258
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0912.4258
http://dx.doi.org/10.1103/PhysRevD.96.081702
https://arxiv.org/abs/1702.06134
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.06134
https://doi.org/10.1007/JHEP02(2017)034
https://arxiv.org/abs/1605.06111
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.06111
https://doi.org/10.1007/JHEP03(2018)011
https://arxiv.org/abs/1706.02712
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.02712
http://dx.doi.org/10.1103/PhysRevD.105.036006
http://dx.doi.org/10.1103/PhysRevD.105.036006
https://arxiv.org/abs/2010.04723
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.04723
https://doi.org/10.1007/JHEP02(2022)167
https://arxiv.org/abs/2108.06334
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2108.06334
http://dx.doi.org/10.1103/PhysRevD.104.036006
https://arxiv.org/abs/2011.00037
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.00037
https://doi.org/10.1007/JHEP05(2021)259
https://arxiv.org/abs/2012.15849
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.15849
https://doi.org/10.1007/JHEP03(2022)063
https://arxiv.org/abs/2105.02862
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.02862
https://doi.org/10.1007/JHEP05(2021)255
https://arxiv.org/abs/2011.02400
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.02400
https://doi.org/10.1007/JHEP05(2021)280
https://arxiv.org/abs/2011.02957
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.02957
http://dx.doi.org/10.1103/PhysRevLett.126.181601
https://arxiv.org/abs/2012.04877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.04877
https://doi.org/10.1007/JHEP12(2021)203
https://arxiv.org/abs/2107.06559
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.06559
http://dx.doi.org/10.21468/SciPostPhys.11.1.002
https://arxiv.org/abs/2103.12108
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.12108
http://dx.doi.org/10.1103/PhysRevLett.127.121601
https://arxiv.org/abs/2101.01191
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.01191
https://doi.org/10.1007/JHEP12(2021)115
https://arxiv.org/abs/2111.01169
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2111.01169
http://dx.doi.org/10.1103/PhysRevD.103.125020
http://dx.doi.org/10.1103/PhysRevD.103.125020
https://arxiv.org/abs/2012.05798
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.05798
http://dx.doi.org/10.1103/PhysRevD.102.125023
https://arxiv.org/abs/2007.12667
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.12667
https://doi.org/10.1007/JHEP11(2020)054
https://arxiv.org/abs/2007.15009
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.15009
http://dx.doi.org/10.1103/PhysRevD.104.085022
https://arxiv.org/abs/2011.11652
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.11652
https://doi.org/10.1007/JHEP07(2021)110
https://arxiv.org/abs/2102.08951
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.08951
http://dx.doi.org/10.1103/PhysRevLett.128.051602
https://arxiv.org/abs/2111.09226
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2111.09226

[33]

[34]

T.N. Pham and T.N. Truong, Fvaluation of the derivative quartic terms of the meson chiral
Lagrangian from forward dispersion relation, Phys. Rev. D 31 (1985) 3027 [INSPIRE].

B. Ananthanarayan, D. Toublan and G. Wanders, Consistency of the chiral pion pion
scattering amplitudes with axiomatic constraints, Phys. Rev. D 51 (1995) 1093
[hep-ph/9410302] [INSPIRE].

M.R. Pennington and J. Portoles, The Chiral Lagrangian parameters, 11, 12, are determined
by the rho resonance, Phys. Lett. B 344 (1995) 399 [hep-ph/9409426] [INSPIRE].

J. Distler, B. Grinstein, R.A. Porto and 1.Z. Rothstein, Falsifying models of new physics via
WW scattering, Phys. Rev. Lett. 98 (2007) 041601 [hep-ph/0604255] [INSPIRE].

L. Vecchi, Causal versus analytic constraints on anomalous quartic gauge couplings, JHEP 11
(2007) 054 [arXiv:0704.1900] [INSPIRE].

B. Bellazzini, F. Riva, J. Serra and F. Sgarlata, The other effective fermion compositeness,
JHEP 11 (2017) 020 [arXiv:1706.03070] [iNSPIRE].

B. Bellazzini and F. Riva, New phenomenological and theoretical perspective on anomalous ZZ
and Zry processes, Phys. Rev. D 98 (2018) 095021 [arXiv:1806.09640] INSPIRE].

C. Zhang and S.-Y. Zhou, Positivity bounds on vector boson scattering at the LHC, Phys. Rewv.
D 100 (2019) 095003 [arXiv:1808.00010] [INSPIRE].

Q. Bi, C. Zhang and S.-Y. Zhou, Positivity constraints on aQGC: carving out the physical
parameter space, JHEP 06 (2019) 137 [arXiv:1902.08977] [nSPIRE].

G.N. Remmen and N.L. Rodd, Consistency of the standard model effective field theory, JHEP
12 (2019) 032 [arXiv:1908.09845] INSPIRE].

C. Englert, G.F. Giudice, A. Greljo and M. Mccullough, The I:I—pammeter: an oblique Higgs
view, JHEP 09 (2019) 041 [arXiv:1903.07725] [INSPIRE].

K. Yamashita, C. Zhang and S.-Y. Zhou, FElastic positivity vs extremal positivity bounds in
SMEFT: a case study in transversal electroweak gauge-boson scatterings, JHEP 01 (2021) 095
[arXiv:2009.04490] [INSPIRE].

G.N. Remmen and N.L. Rodd, Flavor constraints from unitarity and analyticity, Phys. Rev.
Lett. 125 (2020) 081601 [Erratum ibid. 127 (2021) 149901] [arXiv:2004.02885] [INSPIRE].

Q. Bonnefoy, E. Gendy and C. Grojean, Positivity bounds on minimal flavor violation, JHEP
04 (2021) 115 [arXiv:2011.128565] INSPIRE].

T. Trott, Causality, unitarity and symmetry in effective field theory, JHEP 07 (2021) 143
[arXiv:2011.10058] [INSPIRE].

M. Chala and J. Santiago, Positivity bounds in the Standard Model effective field theory
beyond tree level, arXiv:2110.01624 [INSPIRE].

B. Bellazzini, C. Cheung and G.N. Remmen, Quantum gravity constraints from unitarity and
analyticity, Phys. Rev. D 93 (2016) 064076 [arXiv:1509.00851] [INSPIRE].

C. Cheung and G.N. Remmen, Positive signs in massive gravity, JHEP 04 (2016) 002
[arXiv:1601.04068] INSPIRE].

J. Bonifacio, K. Hinterbichler and R.A. Rosen, Positivity constraints for pseudolinear massive
spin-2 and vector Galileons, Phys. Rev. D 94 (2016) 104001 [arXiv:1607.06084] [INSPIRE].

B. Bellazzini, F. Riva, J. Serra and F. Sgarlata, Beyond positivity bounds and the fate of
massive gravity, Phys. Rev. Lett. 120 (2018) 161101 [arXiv:1710.02539] [INSPIRE].

C. de Rham, S. Melville and A.J. Tolley, Improved positivity bounds and massive gravity,
JHEP 04 (2018) 083 [arXiv:1710.09611] [INSPIRE].

— 35 —


http://dx.doi.org/10.1103/PhysRevD.31.3027
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD31%2C3027%22
http://dx.doi.org/10.1103/PhysRevD.51.1093
https://arxiv.org/abs/hep-ph/9410302
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9410302
http://dx.doi.org/10.1016/0370-2693(94)01551-M
https://arxiv.org/abs/hep-ph/9409426
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9409426
http://dx.doi.org/10.1103/PhysRevLett.98.041601
https://arxiv.org/abs/hep-ph/0604255
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0604255
https://doi.org/10.1088/1126-6708/2007/11/054
https://doi.org/10.1088/1126-6708/2007/11/054
https://arxiv.org/abs/0704.1900
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.1900
https://doi.org/10.1007/JHEP11(2017)020
https://arxiv.org/abs/1706.03070
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.03070
http://dx.doi.org/10.1103/PhysRevD.98.095021
https://arxiv.org/abs/1806.09640
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.09640
http://dx.doi.org/10.1103/PhysRevD.100.095003
http://dx.doi.org/10.1103/PhysRevD.100.095003
https://arxiv.org/abs/1808.00010
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.00010
https://doi.org/10.1007/JHEP06(2019)137
https://arxiv.org/abs/1902.08977
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.08977
https://doi.org/10.1007/JHEP12(2019)032
https://doi.org/10.1007/JHEP12(2019)032
https://arxiv.org/abs/1908.09845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.09845
https://doi.org/10.1007/JHEP09(2019)041
https://arxiv.org/abs/1903.07725
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.07725
https://doi.org/10.1007/JHEP01(2021)095
https://arxiv.org/abs/2009.04490
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.04490
http://dx.doi.org/10.1103/PhysRevLett.127.149901
http://dx.doi.org/10.1103/PhysRevLett.127.149901
https://arxiv.org/abs/2004.02885
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.02885
https://doi.org/10.1007/JHEP04(2021)115
https://doi.org/10.1007/JHEP04(2021)115
https://arxiv.org/abs/2011.12855
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.12855
https://doi.org/10.1007/JHEP07(2021)143
https://arxiv.org/abs/2011.10058
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.10058
https://arxiv.org/abs/2110.01624
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2110.01624
http://dx.doi.org/10.1103/PhysRevD.93.064076
https://arxiv.org/abs/1509.00851
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1509.00851
https://doi.org/10.1007/JHEP04(2016)002
https://arxiv.org/abs/1601.04068
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1601.04068
http://dx.doi.org/10.1103/PhysRevD.94.104001
https://arxiv.org/abs/1607.06084
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.06084
http://dx.doi.org/10.1103/PhysRevLett.120.161101
https://arxiv.org/abs/1710.02539
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.02539
https://doi.org/10.1007/JHEP04(2018)083
https://arxiv.org/abs/1710.09611
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.09611

[54] C. de Rham, S. Melville, A.J. Tolley and S.-Y. Zhou, Positivity bounds for massive spin-1 and
spin-2 fields, JHEP 03 (2019) 182 [arXiv:1804.10624] [INSPIRE].

[65] L. Alberte, C. de Rham, A. Momeni, J. Rumbutis and A.J. Tolley, Positivity constraints on
interacting spin-2 fields, JHEP 03 (2020) 097 [arXiv:1910.11799] [iNnSPIRE].

[56] L. Alberte, C. de Rham, A. Momeni, J. Rumbutis and A.J. Tolley, Positivity constraints on
interacting pseudo-linear spin-2 fields, JHEP 07 (2020) 121 [arXiv:1912.10018] [INSPIRE].

[67] Z.-Y. Wang, C. Zhang and S.-Y. Zhou, Generalized elastic positivity bounds on interacting
massive spin-2 theories, JHEP 04 (2021) 217 [arXiv:2011.05190] [nSPIRE].

[58] J. Bonifacio and K. Hinterbichler, Bounds on amplitudes in effective theories with massive
spinning particles, Phys. Rev. D 98 (2018) 045003 [arXiv:1804.08686] [INSPIRE].

[59] B. Bellazzini, F. Riva, J. Serra and F. Sgarlata, Massive higher spins: effective theory and
consistency, JHEP 10 (2019) 189 [arXiv:1903.08664] [INSPIRE].

[60] C. de Rham, S. Melville, A.J. Tolley and S.-Y. Zhou, Massive galileon positivity bounds,
JHEP 09 (2017) 072 [arXiv:1702.08577] [INSPIRE].

[61] M. Herrero-Valea, I. Timiryasov and A. Tokareva, To positivity and beyond, where
Higgs-dilaton inflation has never gone before, JCAP 11 (2019) 042 [arXiv:1905.08816]
[INSPIRE}.

[62] B. Bellazzini, M. Lewandowski and J. Serra, Positivity of amplitudes, weak gravity conjecture,
and modified gravity, Phys. Rev. Lett. 123 (2019) 251103 [arXiv:1902.03250] [INSPIRE].

[63] A. Barreira, B. Li, A. Sanchez, C.M. Baugh and S. Pascoli, Parameter space in Galileon
gravity models, Phys. Rev. D 87 (2013) 103511 [arXiv:1302.6241] NnSPIRE].

[64] C. Deffayet, O. Pujolas, I. Sawicki and A. Vikman, Imperfect dark energy from kinetic gravity
braiding, JCAP 10 (2010) 026 [arXiv:1008.0048] [INSPIRE].

[65] D. Traykova, E. Bellini, P.G. Ferreira, C. Garcia-Garcia, J. Noller and M. Zumalacarregui,
Theoretical priors in scalar-tensor cosmologies: Shift-symmetric Horndeski models, Phys. Rev.
D 104 (2021) 083502 [arXiv:2103.11195] [INSPIRE].

[66] C. Deffayet, G. Esposito-Farese and A. Vikman, Covariant galileon, Phys. Rev. D 79 (2009)
084003 [arXiv:0901.1314] [InSPIRE].

[67) M.A. Luty, M. Porrati and R. Rattazzi, Strong interactions and stability in the DGP model,
JHEP 09 (2003) 029 [hep-th/0303116] [INSPIRE].

[68] A. Nicolis and R. Rattazzi, Classical and quantum consistency of the DGP model, JHEP 06
(2004) 059 [hep-th/0404159] [INSPIRE].

[69] C. de Rham and A.J. Tolley, DBI and the Galileon reunited, JCAP 05 (2010) 015
[arXiv:1003.5917] [INSPIRE].

[70] C. Burrage, C. de Rham, D. Seery and A.J. Tolley, Galileon inflation, JCAP 01 (2011) 014
[arXiv:1009.2497] [INSPIRE].

[71] C. de Rham and R.H. Ribeiro, Riding on irrelevant operators, JCAP 11 (2014) 016
[arXiv:1405.5213] [INSPIRE].

[72] D. Pirtskhalava, L. Santoni, E. Trincherini and F. Vernizzi, Weakly broken galileon symmetry,
JCAP 09 (2015) 007 [arXiv:1505.00007] INSPIRE].

[73] C. de Rham, G. Gabadadze, L. Heisenberg and D. Pirtskhalava, Nonrenormalization and
naturalness in a class of scalar-tensor theories, Phys. Rev. D 87 (2013) 085017
[arXiv:1212.4128] [INSPIRE].

[74] G. Goon, K. Hinterbichler, A. Joyce and M. Trodden, Aspects of galileon non-renormalization,
JHEP 11 (2016) 100 [arXiv:1606.02295] [INSPIRE].

— 36 —


https://doi.org/10.1007/JHEP03(2019)182
https://arxiv.org/abs/1804.10624
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.10624
https://doi.org/10.1007/JHEP03(2020)097
https://arxiv.org/abs/1910.11799
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.11799
https://doi.org/10.1007/JHEP07(2020)121
https://arxiv.org/abs/1912.10018
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.10018
https://doi.org/10.1007/JHEP04(2021)217
https://arxiv.org/abs/2011.05190
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.05190
http://dx.doi.org/10.1103/PhysRevD.98.045003
https://arxiv.org/abs/1804.08686
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.08686
https://doi.org/10.1007/JHEP10(2019)189
https://arxiv.org/abs/1903.08664
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.08664
https://doi.org/10.1007/JHEP09(2017)072
https://arxiv.org/abs/1702.08577
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.08577
https://doi.org/10.1088/1475-7516/2019/11/042
https://arxiv.org/abs/1905.08816
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.08816
http://dx.doi.org/10.1103/PhysRevLett.123.251103
https://arxiv.org/abs/1902.03250
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.03250
http://dx.doi.org/10.1103/PhysRevD.87.103511
https://arxiv.org/abs/1302.6241
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1302.6241
https://doi.org/10.1088/1475-7516/2010/10/026
https://arxiv.org/abs/1008.0048
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.0048
http://dx.doi.org/10.1103/PhysRevD.104.083502
http://dx.doi.org/10.1103/PhysRevD.104.083502
https://arxiv.org/abs/2103.11195
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.11195
http://dx.doi.org/10.1103/PhysRevD.79.084003
http://dx.doi.org/10.1103/PhysRevD.79.084003
https://arxiv.org/abs/0901.1314
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0901.1314
https://doi.org/10.1088/1126-6708/2003/09/029
https://arxiv.org/abs/hep-th/0303116
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0303116
https://doi.org/10.1088/1126-6708/2004/06/059
https://doi.org/10.1088/1126-6708/2004/06/059
https://arxiv.org/abs/hep-th/0404159
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0404159
https://doi.org/10.1088/1475-7516/2010/05/015
https://arxiv.org/abs/1003.5917
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1003.5917
https://doi.org/10.1088/1475-7516/2011/01/014
https://arxiv.org/abs/1009.2497
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1009.2497
https://doi.org/10.1088/1475-7516/2014/11/016
https://arxiv.org/abs/1405.5213
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.5213
https://doi.org/10.1088/1475-7516/2015/09/007
https://arxiv.org/abs/1505.00007
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.00007
http://dx.doi.org/10.1103/PhysRevD.87.085017
https://arxiv.org/abs/1212.4128
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.4128
https://doi.org/10.1007/JHEP11(2016)100
https://arxiv.org/abs/1606.02295
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.02295

[75]
[76]
[77]
(78]
[79]
[80]
[81]

[82]

[83]

[84]

[89]
[90]

[91]

[92]
[93]

[94]

I.D. Saltas and V. Vitagliano, Covariantly quantum galileon, Phys. Rev. D 95 (2017) 105002
[arXiv:1611.07984] [INSPIRE].

J. Noller and A. Nicola, Radiative stability and observational constraints on dark energy and
modified gravity, Phys. Rev. D 102 (2020) 104045 [arXiv:1811.03082] [INSPIRE].

L. Heisenberg and C.F. Steinwachs, Geometrized quantum Galileons, JCAP 02 (2020) 031
[arXiv:1909.07111] [INSPIRE].

L. Heisenberg, J. Noller and J. Zosso, Horndeski under the quantum loupe, JCAP 10 (2020)
010 [arXiv:2004.11655] [INSPIRE].

G. Goon, S. Melville and J. Noller, Quantum corrections to generic branes: DBI, NLSM, and
more, JHEP 01 (2021) 159 [arXiv:2010.05913] [INSPIRE].

A.-C. Davis and S. Melville, Scalar fields near compact objects: resummation versus UV
completion, JCAP 11 (2021) 012 [arXiv:2107.00010] [nSPIRE].

K. Aoki, S. Mukohyama and R. Namba, Positivity vs. Lorentz-violation: an explicit example,
JCAP 10 (2021) 079 [arXiv:2107.01755] [INSPIRE].

S. Melville and J. Noller, Positivity in the Sky: constraining dark energy and modified gravity
from the UV, Phys. Rev. D 101 (2020) 021502 [Erratum ibid. 102 (2020) 049902]
[arXiv:1904.05874] [INSPIRE].

C. de Rham, S. Melville and J. Noller, Positivity bounds on dark energy: when matter
matters, JCAP 08 (2021) 018 [arXiv:2103.06855] INSPIRE].

H. Okada, T. Totani and S. Tsujikawa, Constraints on f(R) theory and Galileons from the
latest data of galaxy redshift surveys, Phys. Rev. D 87 (2013) 103002 [arXiv:1208.4681]
[INSPIRE}.

E. Bellini and R. Jimenez, The parameter space of Cubic Galileon models for cosmic
acceleration, Phys. Dark Univ. 2 (2013) 179 [arXiv:1306.1262] INSPIRE].

A. Barreira, B. Li, W.A. Hellwing, L. Lombriser, C.M. Baugh and S. Pascoli, Halo model and
halo properties in Galileon gravity cosmologies, JCAP 04 (2014) 029 [arXiv:1401.1497]
[INSPIRE}.

A. Barreira, B. Li, C. Baugh and S. Pascoli, The observational status of Galileon gravity after
Planck, JCAP 08 (2014) 059 [arXiv:1406.0485] [INSPIRE].

C. Burrage, D. Parkinson and D. Seery, Beyond the growth rate of cosmic structure: testing
modified gravity models with an extra degree of freedom, Phys. Rev. D 96 (2017) 043509
[arXiv:1502.03710] [INSPIRE].

J. Neveu et al., Constraining the ACDM and Galileon models with recent cosmological data,
Astron. Astrophys. 600 (2017) A40 [arXiv:1605.02627] [INSPIRE].

J. Renk, M. Zumalacarregui, F. Montanari and A. Barreira, Galileon gravity in light of ISW,
CMB, BAO and Hy data, JCAP 10 (2017) 020 [arXiv:1707.02263] [INSPIRE].

C. Leloup, V. Ruhlmann-Kleider, J. Neveu and A. De Mattia, Observational status of the
Galileon model general solution from cosmological data and gravitational waves, JCAP 05
(2019) 011 [arXiv:1902.07065] INSPIRE].

A. Nicolis, R. Penco, F. Piazza and R. Rattazzi, Zoology of condensed matter: Framids,
ordinary stuff, extra-ordinary stuff, JHEP 06 (2015) 155 [arXiv:1501.03845] [INSPIRE].

L. Keltner and A.J. Tolley, UV properties of Galileons: spectral densities, arXiv:1502.05706
[INSPIRE].

T.J. Hollowood and G.M. Shore, Causality violation, gravitational shockwaves and UV
completion, JHEP 03 (2016) 129 [arXiv:1512.04952] [INSPIRE].

— 37 —


http://dx.doi.org/10.1103/PhysRevD.95.105002
https://arxiv.org/abs/1611.07984
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.07984
http://dx.doi.org/10.1103/PhysRevD.102.104045
https://arxiv.org/abs/1811.03082
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.03082
https://doi.org/10.1088/1475-7516/2020/02/031
https://arxiv.org/abs/1909.07111
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.07111
https://doi.org/10.1088/1475-7516/2020/10/010
https://doi.org/10.1088/1475-7516/2020/10/010
https://arxiv.org/abs/2004.11655
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.11655
https://doi.org/10.1007/JHEP01(2021)159
https://arxiv.org/abs/2010.05913
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.05913
https://doi.org/10.1088/1475-7516/2021/11/012
https://arxiv.org/abs/2107.00010
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.00010
https://doi.org/10.1088/1475-7516/2021/10/079
https://arxiv.org/abs/2107.01755
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.01755
http://dx.doi.org/10.1103/PhysRevD.101.021502
https://arxiv.org/abs/1904.05874
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.05874
https://doi.org/10.1088/1475-7516/2021/08/018
https://arxiv.org/abs/2103.06855
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.06855
http://dx.doi.org/10.1103/PhysRevD.87.103002
https://arxiv.org/abs/1208.4681
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1208.4681
http://dx.doi.org/10.1016/j.dark.2013.11.001
https://arxiv.org/abs/1306.1262
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.1262
https://doi.org/10.1088/1475-7516/2014/04/029
https://arxiv.org/abs/1401.1497
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.1497
https://doi.org/10.1088/1475-7516/2014/08/059
https://arxiv.org/abs/1406.0485
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.0485
http://dx.doi.org/10.1103/PhysRevD.96.043509
https://arxiv.org/abs/1502.03710
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.03710
http://dx.doi.org/10.1051/0004-6361/201628878
https://arxiv.org/abs/1605.02627
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.02627
https://doi.org/10.1088/1475-7516/2017/10/020
https://arxiv.org/abs/1707.02263
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.02263
https://doi.org/10.1088/1475-7516/2019/05/011
https://doi.org/10.1088/1475-7516/2019/05/011
https://arxiv.org/abs/1902.07065
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.07065
https://doi.org/10.1007/JHEP06(2015)155
https://arxiv.org/abs/1501.03845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.03845
https://arxiv.org/abs/1502.05706
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.05706
https://doi.org/10.1007/JHEP03(2016)129
https://arxiv.org/abs/1512.04952
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.04952

[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]

[105)
106]

[107]
108]
[109]

[110]

[111]

[112]

[113]

[114]

[115]

C. de Rham and A.J. Tolley, Speed of gravity, Phys. Rev. D 101 (2020) 063518
[arXiv:1909.00881] [INSPIRE].

C. de Rham and A.J. Tolley, Causality in curved spacetimes: the speed of light and gravity,
Phys. Rev. D 102 (2020) 084048 [arXiv:2007.01847] [iINSPIRE].

C. de Rham, A.J. Tolley and J. Zhang, Causality constraints on gravitational effective field
theories, Phys. Rev. Lett. 128 (2022) 131102 [arXiv:2112.05054] INSPIRE].

C.Y.R. Chen, C. de Rham, A. Margalit and A.J. Tolley, A cautionary case of casual causality,
JHEP 03 (2022) 025 [arXiv:2112.05031] INSPIRE].

N. Arkani-Hamed, Y.-t. Huang, J.-Y. Liu and G.N. Remmen, Causality, unitarity, and the
weak gravity conjecture, JHEP 03 (2022) 083 [arXiv:2109.13937] [INSPIRE].

G. Dvali, A. Franca and C. Gomez, Road signs for UV-completion, arXiv:1204.6388
[INSPIRE].

V. Chandrasekaran, G.N. Remmen and A. Shahbazi-Moghaddam, Higher-point positivity,
JHEP 11 (2018) 015 [arXiv:1804.03153] [INSPIRE].

C. Cheung, K. Kampf, J. Novotny and J. Trnka, Effective field theories from soft limits of
scattering amplitudes, Phys. Rev. Lett. 114 (2015) 221602 [arXiv:1412.4095] [INSPIRE].

K. Hinterbichler and A. Joyce, Hidden symmetry of the Galileon, Phys. Rev. D 92 (2015)
023503 [arXiv:1501.07600] [INSPIRE].

D. Baumann, D. Green, H. Lee and R.A. Porto, Signs of analyticity in single-field inflation,
Phys. Rev. D 93 (2016) 023523 [arXiv:1502.07304] [INSPIRE].

T. Grall and S. Melville, Positivity Bounds without boosts, arXiv:2102.05683 [INSPIRE].

A. De Felice and S. Tsujikawa, Cosmology of a covariant Galileon field, Phys. Rev. Lett. 105
(2010) 111301 [arXiv:1007.2700] [INSPIRE].

PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

PLANCK collaboration, Planck 2018 results. V. CMB power spectra and likelihoods, Astron.
Astrophys. 641 (2020) A5 [arXiv:1907.12875] [INSPIRE].

F. Beutler et al., The 6dF galaxy survey: baryon acoustic oscillations and the local Hubble
constant, Mon. Not. Roy. Astron. Soc. 416 (2011) 3017 [arXiv:1106.3366] [INSPIRE].

N. Padmanabhan et al., A 2 per cent distance to z=0.85 by reconstructing baryon acoustic
oscillations - I. Methods and application to the Sloan Digital Sky Survey, Mon. Not. Roy.
Astron. Soc. 427 (2012) 2132 [arXiv:1202.0090] [INSPIRE].

L. Anderson et al., The clustering of galazxies in the SDSS-III baryon oscillation spectroscopic
survey: baryon acoustic oscillations in the data release 9 spectroscopic galaxy sample, Mon.
Not. Roy. Astron. Soc. 427 (2013) 3435 [arXiv:1203.6594] [INSPIRE].

A.J. Ross, L. Samushia, C. Howlett, W.J. Percival, A. Burden and M. Manera, The clustering
of the SDSS DR7 main Galaxy sample — I. A 4 per cent distance measure at z = 0.15, Mon.
Not. Roy. Astron. Soc. 449 (2015) 835 [arXiv:1409.3242] [INSPIRE].

SDSS collaboration, Evidence for Reionization at Z ~ 6: detection of a Gunn-Peterson
trough in a Z = 6.28 Quasar, Astron. J. 122 (2001) 2850 [astro-ph/0108097] INSPIRE].

M. Zumalacarregui, E. Bellini, I. Sawicki, J. Lesgourgues and P.G. Ferreira, hi_ class:
Horndeski in the cosmic linear anisotropy solving system, JCAP 08 (2017) 019
[arXiv:1605.06102] [INSPIRE].

E. Bellini, I. Sawicki and M. Zumalacarregui, hi_ class: background evolution, initial
conditions and approzimation schemes, JCAP 02 (2020) 008 [arXiv:1909.01828] [INSPIRE].

— 38 —


http://dx.doi.org/10.1103/PhysRevD.101.063518
https://arxiv.org/abs/1909.00881
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.00881
http://dx.doi.org/10.1103/PhysRevD.102.084048
https://arxiv.org/abs/2007.01847
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.01847
http://dx.doi.org/10.1103/PhysRevLett.128.131102
https://arxiv.org/abs/2112.05054
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2112.05054
https://doi.org/10.1007/JHEP03(2022)025
https://arxiv.org/abs/2112.05031
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2112.05031
https://doi.org/10.1007/JHEP03(2022)083
https://arxiv.org/abs/2109.13937
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2109.13937
https://arxiv.org/abs/1204.6388
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.6388
https://doi.org/10.1007/JHEP11(2018)015
https://arxiv.org/abs/1804.03153
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.03153
http://dx.doi.org/10.1103/PhysRevLett.114.221602
https://arxiv.org/abs/1412.4095
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.4095
http://dx.doi.org/10.1103/PhysRevD.92.023503
http://dx.doi.org/10.1103/PhysRevD.92.023503
https://arxiv.org/abs/1501.07600
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07600
http://dx.doi.org/10.1103/PhysRevD.93.023523
https://arxiv.org/abs/1502.07304
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.07304
https://arxiv.org/abs/2102.05683
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.05683
http://dx.doi.org/10.1103/PhysRevLett.105.111301
http://dx.doi.org/10.1103/PhysRevLett.105.111301
https://arxiv.org/abs/1007.2700
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.2700
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06209
http://dx.doi.org/10.1051/0004-6361/201936386
http://dx.doi.org/10.1051/0004-6361/201936386
https://arxiv.org/abs/1907.12875
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.12875
http://dx.doi.org/10.1111/j.1365-2966.2011.19250.x
https://arxiv.org/abs/1106.3366
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.3366
http://dx.doi.org/10.1111/j.1365-2966.2012.21888.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21888.x
https://arxiv.org/abs/1202.0090
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1202.0090
http://dx.doi.org/10.1111/j.1365-2966.2012.22066.x
http://dx.doi.org/10.1111/j.1365-2966.2012.22066.x
https://arxiv.org/abs/1203.6594
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.6594
http://dx.doi.org/10.1093/mnras/stv154
http://dx.doi.org/10.1093/mnras/stv154
https://arxiv.org/abs/1409.3242
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.3242
http://dx.doi.org/10.1086/324231
https://arxiv.org/abs/astro-ph/0108097
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0108097
https://doi.org/10.1088/1475-7516/2017/08/019
https://arxiv.org/abs/1605.06102
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.06102
https://doi.org/10.1088/1475-7516/2020/02/008
https://arxiv.org/abs/1909.01828
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.01828

[116] R. Kimura, T. Kobayashi and K. Yamamoto, Observational constraints on kinetic gravity
braiding from the integrated Sachs-Wolfe effect, Phys. Rev. D 85 (2012) 123503
[arXiv:1110.3598] [INSPIRE].

[117] J. Renk, M. Zumalacarregui and F. Montanari, Gravity at the horizon: on relativistic effects,
CMB-LSS correlations and ultra-large scales in Horndeski’s theory, JCAP 07 (2016) 040
[arXiv:1604.03487] [INSPIRE].

[118] L. Lombriser and N.A. Lima, Challenges to self-acceleration in modified gravity from
gravitational waves and large-scale structure, Phys. Lett. B 765 (2017) 382
[arXiv:1602.07670] [iNSPIRE].

[119] P. Creminelli, G. Tambalo, F. Vernizzi and V. Yingcharoenrat, Dark-energy instabilities
induced by gravitational waves, JCAP 05 (2020) 002 [arXiv:1910.14035] [INSPIRE].

[120] P. Creminelli, G. Tambalo, F. Vernizzi and V. Yingcharoenrat, Resonant decay of
gravitational waves into dark energy, JCAP 10 (2019) 072 [arXiv:1906.07015] INSPIRE].

[121] P. Creminelli, M. Lewandowski, G. Tambalo and F. Vernizzi, Gravitational wave decay into
dark energy, JCAP 12 (2018) 025 [arXiv:1809.03484] [INSPIRE].

[122] J. Noller, Cosmological constraints on dark energy in light of gravitational wave bounds, Phys.
Rev. D 101 (2020) 063524 [arXiv:2001.05469] [INSPIRE].

[123] LIGO SCIENTIFIC AND VIRGO collaborations, GWI170817: observation of gravitational waves
from a binary neutron star inspiral, Phys. Rev. Lett. 119 (2017) 161101 [arXiv:1710.05832]
[INSPIRE].

[124] A. Goldstein et al., An ordinary short gamma-ray burst with extraordinary implications:
Fermi-GBM detection of GRB 170817A, Astrophys. J. Lett. 848 (2017) L14
[arXiv:1710.05446] INSPIRE].

[125] V. Savchenko et al., INTEGRAL detection of the first prompt Gamma-ray signal coincident
with the gravitational-wave event GW170817, Astrophys. J. Lett. 848 (2017) L15
[arXiv:1710.05449] [INSPIRE].

[126] LIGO ScieNTIFIC, VIRGO, FERMI-GBM AND INTEGRAL collaborations, Gravitational
waves and Gamma-rays from a binary neutron star merger: GW170817 and GRB 170817A,
Astrophys. J. Lett. 848 (2017) L13 [arXiv:1710.05834] INSPIRE].

[127) LIGO ScienTIFIC, VIRGO, FERMI GBM, INTEGRAL, IcECUBE, ASTROSAT CADMIUM
ZINC TELLURIDE IMAGER TEAM, IPN, INsiGHT-HxMT, ANTARES, SwirT, AGILE
TeAM, 1IM2H TEAM, DARK ENERGY CAMERA GW-EM, DES, DLT40, GRAWITA,
FErMI-LAT, ATCA, ASKAP, LAs CUMBRES OBSERVATORY GROUP, OZGRAV, DWF
(DEEPER WIDER FASTER PROGRAM), AST3, CAASTRO, VINROUGE, MASTER,
J-GEM, GROWTH, JAGWAR, CALTECHNRAO, TTU-NRAO, NUSTAR,
PAN-STARRS, MAXI TEAM, TZAC CoNsORTIUM, KU, NORDIC OPTICAL TELESCOPE,
EPESSTO, GROND, TExAs TECH UNIVERSITY, SALT Grour, TOROS, BOOTES,
MWA, CALET, IKI-GW Forrow-up, H.E.S.S., LOFAR, LWA, HAWC, PIERRE
AucER, ALMA, Euro VLBI TEAM, P1 OF SKY, CHANDRA TEAM AT MCGILL
UNIVERSITY, DFN, ATLAS TELESCOPES, HIGH TIME RESOLUTION UNIVERSE SURVEY,
RIMAS, RATIR AND SKA SouTH AFRICA/MEERKAT collaborations, Multi-messenger
observations of a binary neutron star merger, Astrophys. J. Lett. 848 (2017) L12
[arXiv:1710.05833] [INSPIRE].

[128] T. Baker, E. Bellini, P.G. Ferreira, M. Lagos, J. Noller and 1. Sawicki, Strong constraints on
cosmological gravity from GW170817 and GRB 170817A, Phys. Rev. Lett. 119 (2017) 251301
[arXiv:1710.06394] [INSPIRE].

[129] P. Creminelli and F. Vernizzi, Dark energy after GW170817 and GRB170817A, Phys. Rev.
Lett. 119 (2017) 251302 [arXiv:1710.05877] [INSPIRE].

-39 —


http://dx.doi.org/10.1103/PhysRevD.85.123503
https://arxiv.org/abs/1110.3598
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.3598
https://doi.org/10.1088/1475-7516/2016/07/040
https://arxiv.org/abs/1604.03487
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.03487
http://dx.doi.org/10.1016/j.physletb.2016.12.048
https://arxiv.org/abs/1602.07670
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1602.07670
https://doi.org/10.1088/1475-7516/2020/05/002
https://arxiv.org/abs/1910.14035
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.14035
https://doi.org/10.1088/1475-7516/2019/10/072
https://arxiv.org/abs/1906.07015
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.07015
https://doi.org/10.1088/1475-7516/2018/12/025
https://arxiv.org/abs/1809.03484
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.03484
http://dx.doi.org/10.1103/PhysRevD.101.063524
http://dx.doi.org/10.1103/PhysRevD.101.063524
https://arxiv.org/abs/2001.05469
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.05469
http://dx.doi.org/10.1103/PhysRevLett.119.161101
https://arxiv.org/abs/1710.05832
https://inspirehep.net/search?p=find+doi%20%2210.1103%2FPhysRevLett.119.161101%22
https://doi.org/10.3847/2041-8213/aa8f41
https://arxiv.org/abs/1710.05446
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.Lett.%2C848%2CL14%22
https://doi.org/10.3847/2041-8213/aa8f94
https://arxiv.org/abs/1710.05449
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.Lett.%2C848%2CL15%22
https://doi.org/10.3847/2041-8213/aa920c
https://arxiv.org/abs/1710.05834
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.Lett.%2C848%2CL13%22
https://doi.org/10.3847/2041-8213/aa91c9
https://arxiv.org/abs/1710.05833
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.Lett.%2C848%2CL12%22
http://dx.doi.org/10.1103/PhysRevLett.119.251301
https://arxiv.org/abs/1710.06394
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.06394
http://dx.doi.org/10.1103/PhysRevLett.119.251302
http://dx.doi.org/10.1103/PhysRevLett.119.251302
https://arxiv.org/abs/1710.05877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.05877

[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]

[139]

[140]

[141]
[142]

[143]

[144)
[145)
[146]
[147]
[148]

[149]

J. Sakstein and B. Jain, Implications of the neutron star merger GW170817 for cosmological
scalar-tensor theories, Phys. Rev. Lett. 119 (2017) 251303 [arXiv:1710.05893] INSPIRE].

J.M. Ezquiaga and M. Zumalacarregui, Dark energy after GW170817: dead ends and the road
ahead, Phys. Rev. Lett. 119 (2017) 251304 [arXiv:1710.05901] [INSPIRE].

C. de Rham and S. Melville, Gravitational rainbows: LIGO and dark energy at its cutoff,
Phys. Rev. Lett. 121 (2018) 221101 [arXiv:1806.09417] [INSPIRE].

G. Gubitosi, F. Piazza and F. Vernizzi, The effective field theory of dark energy, JCAP 02
(2013) 032 [arXiv:1210.0201] [INSPIRE].

C. Cheung, P. Creminelli, A.L. Fitzpatrick, J. Kaplan and L. Senatore, The effective field
theory of inflation, JHEP 03 (2008) 014 [arXiv:0709.0293] [INSPIRE].

G.J. Feldman, J. Hartnell and T. Kobayashi, Long-baseline neutrino oscillation experiments,
Adv. High Energy Phys. 2018 (2013) 475749 [arXiv:1210.1778] [INSPIRE].

R.N. Mohapatra and A.Y. Smirnov, Neutrino mass and new physics, Ann. Rev. Nucl. Part.
Sci. 56 (2006) 569 [hep-ph/0603118] [INSPIRE].

M.C. Gonzalez-Garcia and Y. Nir, Neutrino masses and mizing: evidence and implications,
Rev. Mod. Phys. 75 (2003) 345 [hep-ph/0202058] [INSPIRE].

M. Maltoni, T. Schwetz, M.A. Tortola and J.W.F. Valle, Status of global fits to neutrino
oscillations, New J. Phys. 6 (2004) 122 [hep-ph/0405172] [INSPIRE].

S. Mishra-Sharma, D. Alonso and J. Dunkley, Neutrino masses and beyond- ACDM cosmology
with LSST and future CMB experiments, Phys. Rev. D 97 (2018) 123544 [arXiv:1803.07561]
[INSPIRE].

D. Alonso, E. Bellini, P.G. Ferreira and M. Zumalacarregui, Observational future of
cosmological scalar-tensor theories, Phys. Rev. D 95 (2017) 063502 [arXiv:1610.09290]
[INSPIRE].

D. Blas, J. Lesgourgues and T. Tram, The cosmic linear anisotropy solving system (CLASS)
II: approximation schemes, JCAP 07 (2011) 034 [arXiv:1104.2933] [INSPIRE].

D. Foreman-Mackey, corner.py: scatterplot matrices in python, J. Open Source Soft. 24
(2016).

B. Audren, J. Lesgourgues, K. Benabed and S. Prunet, Conservative constraints on early
cosmology: an illustration of the Monte Python cosmological parameter inference code, JCAP
02 (2013) 001 [arXiv:1210.7183] [INSPIRE].

T. Brinckmann and J. Lesgourgues, MontePython 3: boosted MCMC sampler and other
features, Phys. Dark Univ. 24 (2019) 100260 [arXiv:1804.07261] InSPIRE].

J.M. Martin-Garcia, zAct 2002-2014, http://www.xact.es.

T. Grall and S. Melville, Inflation in motion: unitarity constraints in effective field theories
with (spontaneously) broken Lorentz symmetry, JCAP 09 (2020) 017 [arXiv:2005.02366]
[[NSPIRE].

D. Baumann and D. Green, Fquilateral non-gaussianity and new physics on the horizon,
JCAP 09 (2011) 014 [arXiv:1102.5343] [INSPIRE].

D. Baumann, D. Green and R.A. Porto, B-modes and the Nature of Inflation, JCAP 01
(2015) 016 [arXiv:1407.2621] [INSPIRE].

G.C. Wick, Angular momentum states for three relativistic particles, Annals Phys. 18 (1962)
65 [INSPIRE].

40 —


http://dx.doi.org/10.1103/PhysRevLett.119.251303
https://arxiv.org/abs/1710.05893
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.05893
http://dx.doi.org/10.1103/PhysRevLett.119.251304
https://arxiv.org/abs/1710.05901
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.05901
http://dx.doi.org/10.1103/PhysRevLett.121.221101
https://arxiv.org/abs/1806.09417
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.09417
https://doi.org/10.1088/1475-7516/2013/02/032
https://doi.org/10.1088/1475-7516/2013/02/032
https://arxiv.org/abs/1210.0201
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.0201
https://doi.org/10.1088/1126-6708/2008/03/014
https://arxiv.org/abs/0709.0293
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0709.0293
http://dx.doi.org/10.1155/2013/475749
https://arxiv.org/abs/1210.1778
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.1778
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140534
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140534
https://arxiv.org/abs/hep-ph/0603118
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0603118
http://dx.doi.org/10.1103/RevModPhys.75.345
https://arxiv.org/abs/hep-ph/0202058
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0202058
http://dx.doi.org/10.1088/1367-2630/6/1/122
https://arxiv.org/abs/hep-ph/0405172
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0405172
http://dx.doi.org/10.1103/PhysRevD.97.123544
https://arxiv.org/abs/1803.07561
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.07561
http://dx.doi.org/10.1103/PhysRevD.95.063502
https://arxiv.org/abs/1610.09290
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.09290
https://doi.org/10.1088/1475-7516/2011/07/034
https://arxiv.org/abs/1104.2933
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.2933
http://dx.doi.org/10.21105/joss.00024
http://dx.doi.org/10.21105/joss.00024
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1088/1475-7516/2013/02/001
https://arxiv.org/abs/1210.7183
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.7183
http://dx.doi.org/10.1016/j.dark.2018.100260
https://arxiv.org/abs/1804.07261
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.07261
http://www.xact.es
https://doi.org/10.1088/1475-7516/2020/09/017
https://arxiv.org/abs/2005.02366
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.02366
https://doi.org/10.1088/1475-7516/2011/09/014
https://arxiv.org/abs/1102.5343
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1102.5343
https://doi.org/10.1088/1475-7516/2015/01/016
https://doi.org/10.1088/1475-7516/2015/01/016
https://arxiv.org/abs/1407.2621
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.2621
http://dx.doi.org/10.1016/0003-4916(62)90059-3
http://dx.doi.org/10.1016/0003-4916(62)90059-3
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C18%2C65%22

	Introduction
	A study of IR vacua: from Galileon to Galileid
	Vacua, fluctuations and stability
	Positivity bounds

	Interplay with cosmological observations
	Observational constraints for the Galileon
	Positivity bounds as theoretical priors

	Discussion
	Galileid interaction coefficients
	Positivity bound details
	Overview of positivity derivation
	Comparison with perturbative unitarity bounds
	The role of gamma**2

	Bounds on a general shift-symmetric amplitude

